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An increasing body of work has underlined the importance of Antarctic sea ice as a reservoir 
and source of iron (Fe) to the Southern Ocean, boosting local primary production and carbon 
export during spring and summer. The impact of Fe in controlling sea-ice and ocean 
productivity is unequivocal, but other trace metals (TMs) can also regulate productivity. 
Nevertheless, considerable uncertainty with respect to the pathways, fate and bioavailability of 
TMs in the sea-ice environment prevents us to accurately model the impact of predicted future 
changes in sea-ice extent and thickness on Southern Ocean ecosystems and our global climate. 
The aim of this PhD is to bring new evidence to our present understanding of the 
biogeochemical cycling of Fe and other bioactive TMs (Cd, Co, Cu, Mn, Ni and Zn) in Antarctic 
coastal land-fast (i.e. sea ice fastened to the coastline, ice shelves or to grounded icebergs) and 
pack ice (free drifting) and their relationship with regional primary productivity. The main 
findings from the analyses of TM distributions in sea ice from three field campaigns (SIPEX-
2, 2012; Davis, 2015 and AAV2, 2016/17) along the East Antarctic coast are as follows: 
1) Primary production in coastal land-fast ice is not Fe-limited during late-spring/early summer,
potentially due to the high input of Fe from suspended sediment entrapped during ice formation;
2) Windblown dust from ice-free coastal landmasses can significantly contribute to the total Fe
pool in land-fast ice and could become an important source of Fe and potentially other TMs,
considering the projected expansion of ice-free areas across the Antarctic landmass by the end
of the century; 3) Primary production in East Antarctic (fast and pack) ice is also not Fe-limited
during mid-summer. Instead, low concentrations of inorganic nitrogen sources could be the
main nutrient limiting sea-ice algal growth at this time of the year; 4) The formation of Fe-rich
platelet ice underneath pack ice in proximity to glacial systems with negative ice mass
balance (Totten Glacier basin) indicates the potentially large contribution of glacial meltwater
to Fe and TM pools in sea ice collected near the coast; and finally, 5) TMs other than Fe are
enriched in sea ice relative to seawater from winter/spring to summer. However, this enrichment
is not consistent across the TMs analysed. Zinc, Cu and Ni display higher enrichment than Mn,
Co and Cd, potentially because of different levels of complexation with organic ligands. High
concentrations of dissolved Zn and Cu in sea ice suggest both elements are unlikely to limit
sea-ice algae growth. Contrary, their levels could be toxic if they are not appreciably chelated.
Free Zn and Cu ion measurements are needed to confirm this hypothesis. This study shows that




CHAPTER 1. INTRODUCTION 
1.1 Background 
Every year, the seasonal Arctic and Antarctic sea ice expands throughout a major area of the 
polar oceans to form one of the largest biomes on Earth (Dieckmann & Hellmer, 2010). 
Nevertheless, for hundreds of years, this hostile environment represented not much more than 
a barrier to human navigation or at most an occasional ground for fishing and hunting for those 
who could benefit from its relative proximity. It was only during the last century that the 
perception of the sea ice as a much more complex and important environment in a global 
context has emerged (McGhee, 2006). During the last sixty years, modern icebreakers have 
significantly facilitated the access to and in situ studies of this environment. Airborne 
equipment and remote sensing technologies have brought complementary large-scale 
information about the behaviour and role of the sea-ice cover. It is now well established that 
the extensive area of global sea ice provides not only a platform for an array of animals like 
birds and mammals but also a unique habitat for primary producers. Sea ice serves as a 
sustained surface in the ocean, providing sufficient nutrients and light for microorganisms to 
thrive (Thomas & Dieckmann, 2010). There, microscopic algae are the base of a food-chain 
supporting higher trophic levels during times of low pelagic production, also seeding open 
waters with new stocks of cells throughout the sea-ice melt season. Ice-associated primary 
production is controlled by the thermo-physical processes related to the sea-ice formation and 
melting cycles and contributes significantly to ocean biogeochemical cycling and carbon 
export. Hence, the seasonal sea-ice zone plays a pivotal role in the Earth`s climate (Arrigo et 
al., 2008; Vancoppenolle et al., 2013). As polar regions are especially susceptible to climate 
change (Goosse et al., 2018; Rignot et al., 2019), a better understanding of the large-scale 
physical and biogeochemical processes within the sea ice is key to reliably predict the effect of 
anthropogenic interferences in Earth’s climate and marine ecosystems. 
1.2. General context 
The increase of atmospheric greenhouse gases from human activities is the primary driver of 
ongoing climate change over the last century (IPCC, 2014). Since the industrial revolution, 
atmospheric CO2 concentration has almost doubled with direct and indirect impacts to the 
Chapter 1 
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marine ecosystems, ocean temperature and chemical composition, as well as sea-ice extent 
(Comiso, 2010). At present, global oceans are absorbing around 40% of anthropogenic CO2 
emissions, largely through physical processes (Verdugoa et al., 2004). Thus, the ocean has an 
undeniable role in reducing human impacts on the climate. 
Despite covering less than 10% of the global ocean surface, the Southern Ocean (SO) alone is 
responsible for absorbing 25% of the atmospheric carbon through a physical and biological 
mechanism known as the solubility and biological carbon pumps, respectively (Takahashi et 
al., 2009). The solubility pump is driven primarily by physicochemical processes of CO2 
dissolution and outgassing. The efficiency of this abiotic pump is of particular importance in 
the SO where the formation of the seasonal sea ice and brine rejection contributes to the 
formation of Antarctic Bottom Water, a forceful component that drives the global thermohaline 
circulation (Figure 1.1; Rintoul, 2001). 
 
Figure 1.1 Illustration of the Antarctic Bottom Water formation (Rintoul and Sparrow, 2001). 
On the other hand, the biological pump drives the natural carbon cycle through uptake and 
fixation of inorganic carbon into organic matter by autotrophic microorganisms called 
phytoplankton (Figure 1.2). These microorganisms represent only 1% of the total biomass on 
Earth but are capable of photosynthesizing organic carbon - net primary production (NPP) - at 
Chapter 1 
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values comparable to the world`s entire forests. The organic carbon they produce is eventually 
exported to the deep ocean by the sinking of the remaining plankton detritus (Blain et al., 2007; 
Sarmiento & Gruber, 2005). An estimated 16 gigatons of carbon are sequestered to the ocean 
depths every year through this process (Falkowski et al., 1998; Field et al., 1998). Studies have 
shown that the Antarctic seasonal sea-ice zone is a hotspot for primary production, fueling 
large algae blooms at retreating ice edges (Lizzotte, 2001), thus contributing to the biological 
pump in the south polar region (Moreau et al., 2016). 
 
Figure 1.2 The oceanic carbon cycle. Source: Oak Ridge National Laboratory. 
In addition to its contribution to the bottom water formation and carbon export, Antarctic sea 
ice has an important role in the ocean dynamics by controlling the heat exchange, mechanical 
mixing and light availability in the water column (Venables et al., 2013). Finally, the sea ice 
seasonal cycle can influence the atmospheric composition and its radiative properties via 
emission of climate-active gases (DMS, halogen elements) to the atmosphere, as well as the 
global radiative budget via its albedo effect (Ogura, 2004; Saiz-Lopez et al., 2015; Trevena & 
Jones, 2012). Paleo-climate studies demonstrated that major alterations in the polar ocean 
physicochemical characteristics led to changes in the rates of the carbon pump in the past with 
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consequent feedback responses in the atmospheric CO2 concentration (Sigman et al., 2010). 
Although seasonal sea ice should still subsist by the end of the century in spite of an expected 
warmer climate, the future contribution of sea ice to the global carbon cycle and climate is 
difficult to predict due to a lack of a mechanistic understanding of coupled physical-biological 
processes, needed to inform models (Massom & Stammerjohn, 2010; Massom et al., 2013). 
1.3 The iron hypothesis and the Antarctic paradox 
High Nutrient Low Chlorophyll (HNLC) areas represent 20% of the global ocean where 
macronutrients are perennially available, yet phytoplankton biomass is relatively low. The SO 
is the largest HNLC area on Earth (figure 1.3), carrying high concentrations of macronutrients 
due to the upwelling of nutrient-rich deep waters (nitrate, phosphate, silicic acid) but a low 





Figure 1.3 (Above) Annual average nitrate concentration (µM) and (below) composite chlorophyll-a 
(mg L-1) distribution in surface waters of the global ocean. (NASA, 2010).   
This paradox has been attributed to the limited presence of the micronutrient iron (Fe), an 
essential element for nitrogen fixation and amino acids synthesis, required by most autotrophic 
microorganisms (Boyd et al., 2000; de Baar et al., 1995). This theory was the basis of the "Iron 
hypothesis" first proposed by Martin (1990), which states that lower atmospheric CO2 
concentrations during glacial periods could be partially attributed to higher aeolian dust inputs 
to the oceans, therefore boosting primary productivity and carbon export during these periods 
(Figure 1.4).  
 
Figure 1.4 Graph of reconstructed temperature (blue), CO2 (green), and dust (red) from the Vostok 
Station ice core for the past 420, 000 years (Petit et al., 1999). 
Because of their distinctive nutritive properties, HNLC waters are characterized by low 
phytoplankton stocks and the presence of predominantly small flagellates which can cope 
better with low Fe availability due to their greater surface area to volume ratio (Deppeler & 
Davidson, 2017). In contradiction to that, near the sea ice edge around Antarctica, large 
phytoplankton blooms are commonly observed during spring and summer (Comiso et al., 1990) 
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mostly comprised of diatoms cells (Fragilariopsis sp) and Phaeocystis antarctica (Lizotte, 
2001). Sea-ice cores obtained from a series of field expeditions during this last decade also 
revealed active biological and chemical processes with Fe concentrations within the sea ice 
markedly higher than in the oceanic surface waters (Lannuzel et al., 2007; Lannuzel et al., 
2008; van der Merwe et al., 2011b). It has been suggested that growing sea ice incorporates 
and stores large amounts of Fe during its formation in winter (Janssens et al., 2016; Lannuzel 
et al., 2016b; Sedwick et al., 2000). Eventually, this Fe pool is released into surface waters 
during the melting season, triggering phytoplankton blooms at the retreating sea ice edges 
(Figure 1.5) and in opening polynyas (Arrigo, 2003; Grotti et al., 2001, 2005; Lannuzel et al., 
2007; Lannuzel et al., 2008; Sedwick et al., 2000). This process can alleviate Fe limitation at a 
critical time, when light availability and water stratification favours phytoplankton growth, 
conferring to Antarctic sea ice an important status of a seasonal Fe reservoir in the Southern 
Ocean (Tagliabue & Arrigo, 2006). Considering that every winter an area of approximately 19 
million km2 is covered by sea ice in the Southern Hemisphere (Comiso, 2003), around 40% of 
the SO can be potentially fertilized by the annual formation and melting of ~80% of this ice 
cover. Although the role of Fe in controlling HNLC productivity is well established, other trace 
elements such as manganese (Mn), copper (Cu), zinc (Zn) and cobalt (Co) also have crucial 
ecological roles by co-limiting physiological processes in phytoplankton (Sunda et al., 2012) 




Figure 1.5 Decaying fast ice fertilizing a bloom of phytoplankton in East Antarctica. Image obtained 
on 21/01/2020 from Terra Modis satellite, NASA. Image courtesy: NASA Earth observatory. 
1.4 External sources of trace metals to Antarctic waters 
Iron, as well as other bioactive trace elements, can be supplied to the surface waters in many 
ways: upwelling/resuspension of shelf sediments to the mixed layer, hydrothermal vents, 
aeolian dust and glacial sources (Wadley et al. 2014). Although dust from arid deserts is an 
important source of trace elements such as Fe and Mn to oceans in the northern hemisphere 
(Figure 1.6), the direct atmospheric dust load to the Southern Ocean is extremely low. For Fe, 
this source represents only 15% of the total input (Maher et al., 2010). 
 
 
Figure 1.6 Aeolian dust input to the global ocean (Behrenfeld et al., 2006). 
This low dust supply combined with the low solubility of Fe is mirrored by the overall low 
concentration of Fe in the SO open surface waters (Martin, 1990). While aeolian and glacial 
sources such as glaciers outflow, ice shelves, and free-drifting icebergs may be an important 
source for localized blooms (Figure 1.7), it is estimated that the majority of Fe input to the SO 
comes from local sediment resuspension on the continental shelves and shallow underwater 
plateaus surrounding the Antarctic continent and sub-Antarctic islands (Wadley et al., 2014).  
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In this context, although the sea ice is not a new source of Fe, it has the ability to store, recycle, 
transport, and release Fe at locations not constrained within the boundaries of the continental 
shelves, therefore acting as a pathway from coastal to open waters (Lannuzel et al., 2010). 
Katabatic winds can drive ice floes formed in coastal polynyas northwards, transporting Fe and 
other particles from lower latitudes further afield (Arrigo, 2003). Lateral transport of Fe-rich 
sediments, eddy shedding/sediment entrainment and bathymetric interactions with the 
Antarctic Circumpolar Current can further redistribute this limited nutrient across the Southern 
Ocean (Boyd & Ellwood, 2010). To which extent sea-ice formation and drift influence the 
spatial distribution of other trace elements is still not fully established. A preliminary survey 
indicates that the seasonal sea ice melt should not represent a significant source of bioactive 
metals, other than Fe, to Antarctic surface waters (Lannuzel et al., 2011). However, the lack of 




Figure 1.7 Iceberg, dust and sedimentary iron sources in the Southern Ocean (Boyd & Ellwood, 2010).  
1.5 Biogeochemistry of macro and micronutrients in the sea ice. 
The unique physical structure of sea ice and the processes influencing its formation and decay 
determine the biology and chemistry within the ice matrix. During spring and summer, the 
interior of sea ice is rarely isolated from seawater and exchanges between the ice and the ocean 
constantly occur. These exchanges are constrained by brine flushing, advection processes and 
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molecular diffusion across the diffusive boundary layer (Meiners & Michel, 2017; Thomas & 
Dieckmann, 2010; Tison et al., 2008; Vancoppenolle et al., 2010). Microorganisms are greatly 
influenced by the physics and chemistry of the medium surrounding them, and in turn, can 
modify it. A good example is the production of exopolysaccharides (EPS) by sea-ice algae and 
bacteria, a cryoprotective substance that can increase the habitability of sea ice (Krembs et al., 
2011).  
An analysis of vertical profiles of the most relevant biogeochemical tracers in the sea ice 
reveals contrasting behaviours. Concentrations of inorganic macronutrients such as nitrate, 
phosphate, and silicic acid, generally follow salinity in a conservative way, with concentrations 
in bulk sea ice being much smaller than in seawater. Significant deviations in nutrient 
concentrations as compared to salinity are associated with biological activity (Fripiat et al., 
2017). Organic matter and dissolved Fe typically show higher concentrations in sea ice than in 
the underlying ocean. Mounting observations have highlighted the accumulation of Fe in the 
sea ice by up to two orders of magnitude when compared to the underlying seawater (Grotti et 
al., 2005; Lannuzel et al., 2007; Lannuzel et al., 2008; Lannuzel et al., 2010; van der Merwe et 
al., 2009, 2011a). First assessments of trace metals other than Fe show that most elements (Al, 
Cr, Mn, Ba, Cu, Zn, Cd, Mo and Mn) are not enriched in sea ice in the same way as Fe, with 
bulk concentrations comparable to those reported in the literature for Antarctic surface waters 
(Grotti et al., 2001, 2005; Lannuzel et al., 2011). The acknowledgement that these elements 
could behave conservatively with salinity and macronutrient nurture the odds that they might 
limit local primary production (Lannuzel et al., 2016).  
1.6 Fe cycle in the sea ice environment  
Sea ice has an important function in the ocean biogeochemistry by acting as a temporal 
reservoir of Fe, a key micronutrient which is known to limit primary production in large parts 
of the Southern Ocean (Lannuzel et al., 2016b; Schoffman et al., 2016). The enrichment of Fe 
driven by a decoupling behaviour from salinity and other macronutrients suggests different 
sources and/or incorporation mechanisms (Grotti et al., 2005; Lannuzel et al., 2016b). 
Although the importance of sea ice as a source of Fe to the Southern Ocean has extensively 
been described, the mechanisms leading to the high Fe levels in sea ice, its physicochemical 
dynamics, bioavailability and finally spatial and temporal distribution still need to be identified 
and, most importantly, quantified.  
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1.6.1 The incorporation of Fe into sea ice 
The mechanism of Fe incorporation into sea ice has not yet been fully elucidated. Studies point 
towards a scavenging process of biogenic and lithogenic particles from seawater during sea-
ice formation (de Jong et al., 2013; Janssens et al., 2016). When supercooled seawater freezes 
under turbulent conditions during strong wind events, so-called frazil ice form as small crystal-
like needles and spicules which rise to the ocean surface and consolidate into granular ice 
(Leonard et al., 2011). It has been suggested that as they ascend towards the ocean surface, 
frazil ice crystals could scavenge particles suspended in the water column such as organic 
detritus, algae cells, sedimentary and terrestrial material. The newly formed ice layer could 
then also sieve particles from seawater and trap them into the existing ice matrix (Gradinger & 
Ikavalko, 1998). Ice nucleation on marine particles consolidating into the granular ice has also 
been reported as a potential mechanism of particle enrichment into newly forming sea ice 
(Lannuzel et al., 2016b). Beneath the granular ice layer, a columnar ice layer can grow under 
calmer conditions (Ackley & Sullivan, 1994; Jeffries et al., 1994). During this phase of ice 
formation, sea salts and other impurities such as Fe particles can be rejected from the ice matrix 
forming brine pockets that are connected through a web of brine channels.  
The co-occurrence of high concentrations of Fe and organic matter in sea ice suggests a link 
between their incorporation processes. Recent in situ sea-ice growth experiments showed that 
enrichment of Fe and organic matter in sea ice relative to seawater occurs during the very first 
stages of the sea-ice formation (Janssens et al., 2016). The role of organic matter, especially 
EPS, in the mechanisms of Fe enrichment was further investigated in the laboratory using a 
cold finger apparatus to stimulate the ice growth under non-contaminating carbon and trace 
metal conditions (Janssens et al., 2018). Results indicated that the "quality" of the organic 
matter (i.e., freshly formed versus old EPS) played a crucial role in the rate of incorporation of 
Fe into sea ice (Janssens et al., 2018). When evaluating the fractionation of Fe between the 
dissolved and particulate phases (DFe and PFe, respectively), a preferential enrichment of PFe 
over DFe was observed.  Ice algae from Davis station and desert dust from South Georgia were 
separately added to a seawater solution to evaluate the possible differences in the respective 
rates of incorporation of biogenic and lithogenic PFe into growing ice. Results from this 
experiment indicated the preferential enrichment of biogenic Fe over lithogenic Fe. Field 
studies have also shown a temporal decoupling between the PFe and DFe fractions during the 
sea-ice melting phase (Grotti et al., 2001; van der Merwe et al., 2011a). Van der Merwe et al. 
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(2011a) observed that only the dissolved fraction was present in the brine drained into sack 
holes indicating, therefore, the particulate fraction stayed somehow retained in the brine 
channel network, i.e. associated with the sea-ice matrix. Whether this retention is exclusively 
controlled by physical constraints of the brine network, the presence of organic ligands or a 
combination of both is still unclear. The studies suggest that organic ligands like EPS might 
not only control the incorporation of PFe in the sea ice, but also its retention in sea ice.  
Once the sea ice is formed, Fe uptake and bioaccumulation by sea-ice algae and dust deposition 
can increase the sea-ice bulk Fe concentration, especially in the particulate form (de Jong et 
al., 2013; Fitzwater et al., 2000; Lannuzel et al., 2010; Sedwick et al., 2000; van der Merwe et 
al., 2011a). Dynamic processes such as rafting and ridging of ice floes can also create 
heterogeneous vertical profiles of Fe distribution in the sea ice. Finally, the incorporation of 
remaining biogenic material from the preceding productive season, recycling processes 
(remineralization from bacterial activity), grazing, and excretion from higher trophic levels can 
also be expected to influence the Fe concentration in sea ice (Lannuzel et al., 2016a; Ratnarajah 
et al., 2014).  
1.6.2 Fe speciation and bioavailability in sea ice 
The physical and chemical forms of Fe (i.e. speciation) present in sea ice have important 
implications for its fertilization potential and persistence in the ocean and can vary with 
location, type of ice and biological activity. Understanding the partitioning and dynamics 
between the different forms of Fe is crucial to quantify its bioavailability for autotrophic and 
heterotrophic microorganisms residing in sea ice and surrounding seawaters.  
Although most studies have reported Fe using operational definitions of particulate (i.e. 
fraction retained on a 0.2 μm pore size filter) and dissolved fraction (fraction passing through 
a 0.2 μm pore size filter) to evaluate its bioavailability, Fe can span across a wide array of 
continuous size fractions, from soluble to particles of variable aggregates sizes (Figure 1.8) 
Lannuzel et al., 2016b; Worsfold et al., 2014). Dissolved Fe can naturally occur in its redox 
forms of Fe2+, Fe3+, free (Fe') or complexed with organic and inorganic ligands (Liu & Millero, 
2002). Despite dissolved unchelated (free) inorganic Fe (Ferrous Fe(II)’/ferric Fe(III)’) being 
the most readily available form of Fe to phytoplankton, modern oceans bear only picomolar to 
nanomolar concentrations of these species (Johnson et al., 1997). Notwithstanding, this 
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normally transient fraction is still an important pool contributing to meet microalgal 
requirements (Morel et al., 2008).  
In seawater, DFe is most commonly found in its hydroxide complex Fe(OH)3+ (aq) since the 
organic speciation of Fe(III) is thermodynamically favoured in the seawater pH natural range. 
Therefore, the availability of Fe in ocean waters is predominantly limited by the solubility of 
Fe(III). Although Fe(III) is only soluble in strong acidic solutions, natural processes can favour 
its reduction to Fe(II), thereby increasing Fe solubility (Worsfold et al., 2014). Besides carrying 
a positive charge, these Fe forms are prone to bind with organic ligands produced in situ by 
sea-ice algae and bacteria or supplied externally from sediment resuspension (Breitbarth et al., 
2010; Kuma et al., 1996; Liu & Millero, 2002). Organic complexation is crucial for the 
maintenance of the DFe concentrations above the solubility threshold, retarding Fe adsorption 
onto sinking particles, increasing its solubility and extending the time microalgae can access 
this pool (Kuma et al., 1996; Morel et al., 2008). 
Organic ligands have been classified into two major categories based on their stability and 
bond strength to Fe3+: L1 (stronger siderophore-like molecules) and L2 class (weaker 
compounds derived from cellular degradation) (Hunter & Boyd, 2007). Lannuzel et al. (2015) 
showed that the vast majority (>99%) of Fe (dissolved and colloidal) in seawater is, in fact, 
bound to organic ligands. Similar observations were made in Antarctic fast ice (Lannuzel et 
al., 2015) and pack ice (Genovese et al., 2018). A compilation of all existing DFe 
concentrations in brines and bulk sea ice showed that 90% of the DFe is somehow attached or 
adsorbed to something inside the sea-ice matrix (Lannuzel et al., 2016b). High concentrations 
of EPS have been reported in sea ice and, together with being negatively charged, suggested as 
the main type of organic ligands in this medium (Verdugoa et al., 2004). Recent studies have 
found that the weakly bound EPS-Fe complex is highly available to diatoms and other 
phytoplankton assemblages due to the saccharide properties that can stabilize Fe in the 
dissolved and colloidal form (Hassler & Schoemann, 2009; Hassler et al., 2011a, b). On the 
other hand, while the adsorbent property of the EPS can ‘wrap’ microbial cells and aggregates 
creating a protective microenvironment that can store and prevent Fe diffusive losses (Krembs 
et al. 2011), the same isolating property may reduce concentration-dependent processes of new 
Fe acquisition from the surrounding environment (Shaked & Lis, 2012). Moreover, the same 
chemical properties of EPS are believed to induce the aggregate formation and particles export, 
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shortening its residence in the surface water (Decho & Gutierrez, 2017). Clearly, further 




Figure 1.8 Schematic diagram of biogeochemical Fe cycling in the ocean (Achterberg et al., 2001). 
Biological uptake and remineralization can also control the distribution and fractionation of Fe 
between the dissolved and particulate phases. A positive correlation of PFe with brine volume 
and associated biological parameters such as chlorophyll-a (Chla) and particulate organic 
carbon (POC) was observed in previous sea-ice studies in East Antarctica (van der Merwe et 
al., 2011b). While autotrophic activity can reduce the concentration of DFe via uptake and 
induce bioaccumulation of biogenic PFe in sea ice during spring, DFe may also become 
bioavailable through seawater leaching process, protozoan grazing, bacterial remineralization 
and phytoplankton exudation (Lannuzel et al., 2016b; Tagliabue & Arrigo, 2006). Sea-ice EPS 
has been reported as a hotspot of bacterial activity, therefore potentially enhancing Fe recycling 
(Meiners et al., 2008).  
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It is important to highlight that Fe bioavailability is not a simple concept. Instead of an absolute 
bivalent yes/no attribute, in practice, a spectrum of bioavailability degrees can be expected due 
to the many interwoven facets of Fe speciation and kinetics, phytoplankton physiology, 
ecosystem processes and environmental circumstances that ultimately arbitrate the final Fe 
bioavailability. Iron uptake largely depends on the uptake machinery of the microorganism: 
siderophore mediated Fe acquisition, reductive Fe uptake pathway (eukaryotic microalgae), a 
combination of both, or other mechanisms yet to be described (Shaked & Lis, 2012). That being 
said, Fe bioavailability can be seen as a function of the chemical compatibility of a Fe-substrate 
with the specific cell transport system. To add complexity, environmental variables can change 
Fe kinetics and phytoplankton physiology. For instance, Fe(II) can be naturally produced in 
surface waters by photochemical and/or thermal reduction while low temperatures and pH can 
also delay the Fe(II) oxidation (Croot et al., 2001; Johnson et al., 1994; Roy & Wells, 2008). 
Iron limitation was also shown to upregulate high-affinity Fe acquisition systems (Kustka et 
al., 2007). Likewise, basic processes in the natural system such as the secretions of EPS, 
changes in O2 via respiration and photosynthesis, enzymatic activity, production of bio-
generated redox/superoxide agents, among others, can also modulate Fe speciation in complex 
ways, either beneficial or detrimental to the microorganism acquisition mechanism (Balzano 
et al., 2009; Barbeau, 2006; Rose, 2012). Finally, ecological interactions such as in situ 
recycling of cellular Fe through grazing and viral lysis and microbial reduction of faecal pellets 
can also exert influence on the redox state, bioavailability and fate of Fe (Shaked & Lis, 2012). 
1.6.3 Distribution of Fe in Antarctic sea ice 
Since practices and standardization of sea ice, brine and seawater sampling procedures have 
been developed for trace metal analysis, an increasing number of field surveys have been 
performed to investigate the role of sea ice in the Fe cycle (Lannuzel et al., 2016b). 
Nevertheless, due to the extensive logistics and arduous working conditions imposed by the 
polar environment, data are still very sparse when considering the vast area that sea ice covers. 
The majority of sea-ice cores obtained for Fe biogeochemical investigations were collected in 
the Australian sector of Antarctica (between 90°E and 150°E; Figure 1.9). Table 1.1 reports 
background information for each of these expeditions (Lannuzel et al., 2016b). In addition to 
the lack of spatial coverage, most studies were carried out in spring and summer, usually on 
undeformed sea ice. Only a few studies have focused on the temporal aspect of Fe distribution 
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in sea ice (de Jong et al., 2013; de Jong et al., 2015; Lannuzel et al., 2008; Janssens et al., 2016; 
van der Merwe et al., 2011b). 
 
Figure 1.9 Map showing the locations of pack (blue) and fast (red) ice cores used for Fe analysis, with 
blue shades representing mean (1979–2007) maximal (September) and minimal (March) sea-ice extent. 
(Lannuzel et al., 2016b) 
 
Table 1.1 List of sea-ice Fe data currently available in the literature. (Lannuzel et al, 2016 and 
references therein). 
 














PNRAa Ross Sea 1997, 1998 Nov 1 fast 430 n.a. 
718–
7,091 n.a. 
PNRAb Ross Sea 2000, 2001 
Nov–










Scott Based Ross Sea 2003 Jan 6 fast 50–450 2.2–109 9–1,854 
10–
1,178 
ARISEe South Pacific 2003 
Sept–




26.0 n.a. 3.3–65.8 
ISPOLf Weddell Sea 2004–2005 
Nov–














14.4 n.a. 1.2–378 
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McMurdoh Ross Sea 2009 Nov 3 fast 600 n.a. 12–9,318 n.a. 
SIPEX2i South Pacific 2012 
Sept–











30.2 n.a. 2.8–77.7 
AWECSk Weddell Sea 2013 July 5 pack 500–4,000 1.0–3.2 
20.1–
254.1 n.a. 
a Grotti et al. (2001) 
b Grotti et al. (2005) 
c van der Merwe et al. (2011b) 
d de Jong et al. (2013) 
e Lannuzel et al. (2007) 
f Lannuzel et al. (2008) 
g van der Merwe et al. (2011a) 
h Noble et al. (2013) 
I Lannuzel et al. (2016a) 
j de Jong et al. (2015) 
k Janssens et al. (2016) 
 
Overall, higher concentrations (at least an order of magnitude) of all forms of Fe are found in 
both Antarctic fast and pack ice when compared to coastal and offshore seawater 
concentrations. Total dissolvable Fe (TDFe), defined as the fraction of the total iron dissolved 
at pH=1.8 after 6 months of storage, and PFe contribute to the majority of the Fe pool in sea 
ice. Nevertheless, Fe distribution and concentration in sea ice can be markedly heterogeneous, 
potentially reflecting the high variability of PFe concentrations observed between coastal and 
open waters in the Southern Ocean (Tagliabue et al., 2012). The dynamic interactions between 
autotroph and heterotrophs in the sea ice environment have direct implications for the temporal 
distribution of Fe since higher heterotrophic activity is expected during winter and higher 
autotrophic activity is expected in spring and summer (Riedel et al., 2007). A summary of the 
current Fe data available in sea ice is presented in Table 1.2. 
 
Table 1.2 Summary statistics for Fe concentrations in Antarctic sea ice (Lannuzel et al, 2016b).    
Parameter DFe TDFe PFe 
Number of cores with valid data 56 (11 fast, 45 pack) 50 (9 fast, 41 pack) 44 (14 fast, 30 pack) 
Number of core sections with 
valid data 
275 280 181 
Mean fraction of core length 
sampled (%) 
50 50 43 
Concentration range (nmol L-1) 0.2–110 0.04–6,800 0.9–7,100 
Mean concentration ± S.D.  
(nmol L-1) 
9.8 ± 15.0 210 ± 660 310 ± 770 
Median concentration (nmol L-1) 4.4 23 39 
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1.6.3.1 Land-fast ice 
The relative abundance of Fe found in coastal seawater due to the proximity to landmass when 
compared to offshore areas (Martin, 1990) is reflected in the Fe concentrations observed in 
land-fast ice (Table 1.2). For example, significantly higher concentrations of PFe (0.96–214 
nM) were found in fast ice compared to pack ice (0.87–77.7 nM) during a time series conducted 
in spring at the East Antarctica sector (van der Merwe et al., 2011b). Fast ice generally has a 
high lithogenic Fe fraction via sedimentary resuspension and lateral advection from the 
Antarctic continent (Lannuzel et al., 2016b). As a consequence, differences in depth and extent 
of the continental shelf might influence Fe distribution in sea ice (de Jong et al., 2013; Lannuzel 
et al., 2010). Tidal and winter vertical mixing influence would, therefore, assure the availability 
of bioactive micronutrients for coastal phytoplankton and sea-ice algae  (Fitzwater et al., 2000; 
Lannuzel et al., 2010; Sedwick et al., 2000).  
A high concentration of biogenic Fe content in land-fast ice is also observed due to extended 
light exposure at higher latitudes and biomass accumulation (Lannuzel et al., 2016b). Iron is 
generally more concentrated towards the bottom of the ice due to algae scavenging of Fe from 
seawater and/or brine drainage from upper layers, creating a characteristic fast-ice L-shape 
vertical profile for Fe and other biogeochemical parameters (Lannuzel et al., 2016b). However, 
the proximity to dust sources and active biomass can lead to a heterogeneous spatial and 
temporal distribution of Fe in land-fast ice. Nonetheless, the bioavailability of this (primarily 
lithogenic) Fe source for algal uptake is still not clear and further investigation is needed.  
1.6.3.2 Pack ice 
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While the importance of sea ice as a reservoir of Fe in coastal waters can be deemed obsolete 
due to the close proximity to other Fe-rich sources, sea ice becomes prominent in open waters 
where other sources are less prevalent (Lannuzel et al., 2016a). Flux estimations suggest that 
most of Fe found in Antarctic pack ice come from marine sources, either via upwelling of Fe-
rich waters or from the incorporation of biogenic material from the previous summer (Lannuzel 
et al., 2016a). The gradual solubilization of resuspended sediments during lateral transport 
from coastal waters could also influence the concentration of DFe in pack ice (Lannuzel et al., 
2010). The highest concentrations of Fe in pack ice are normally found in the uppermost parts 
of the ice cover, presumably because of entrainment of Fe during frazil ice formation and/or 
due to snow-ice formation from flooding events, conferring a general C-shaped vertical profile 
distribution in pack ice. Although extremely high levels of Fe in the pack ice can occur as a 
result of advection of ice floes formed at higher latitudes, Lannuzel et al. (2010) showed that 
depth-averaged concentration of DFe in pack ice does not show significant large-scale spatial 
differences (e.g., East Antarctica versus Weddell sea).  
Lastly, reported Fe:Al molar ratios indicate that Fe from biogenic origin dominates (>70%) the 
Fe pool in pack ice (Lannuzel et al., 2016a). Hosting communities with high production rates 
(Thomas & Dieckmann, 2010), pack ice might be an important spot of biotransformation of 
less bioavailable Fe fractions to more labile biogenic fractions. This suggests that the 
fertilization potential of PFe may have been previously underestimated due to the assumption 
that it is primarily lithogenic in composition (Lannuzel et al., 2014). A large fraction of the 
total Fe pool within sea ice might become bioavailable once released into seawater and 
therefore, effective in promoting primary productivity in the marginal ice zone during spring. 
1.7 Distribution, speciation and bioavailability of other trace metals in sea ice. 
Although Fe is the most limiting to phytoplankton in the SO and has the greatest effect on algal 
species diversity, other trace metal nutrients such as zinc (Zn), cobalt (Co), copper (Cu), and 
manganese (Mn) can also exert an important influence on the species abundance and 
composition of algal communities (Sunda et al., 2012). The distribution of metals other than 
Fe in sea ice has only recently started to be investigated. Pioneering work in Antarctic pack ice 
showed dissolved-to-total metal Mn Cu, Zn and Cd were found almost exclusively in the 
dissolved phase (Lannuzel et al., 2011). Still, concentrations of dissolved metals in bulk sea 
ice were comparable to those for oceanic waters. The dissolved-to-total ratio is significantly 
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reduced in fast ice compared to pack ice, possibly due to external inputs of both lithogenic and 
sedimentary material in the particulate phase (Grotti et al., 2005; Lannuzel et al., 2011). The 
speciation and bioavailability of bioactive elements, other than Fe, in the sea ice, however, 
remain unexplored. 
In oceanic oxygenated seawater, dissolved Ni, Zn, and Cd (DNi, DZn and DCd) are present as 
soluble divalent cations or complexed to varying degrees by inorganic and/or organic chelators 
(Sunda et al., 2012). More than 98% of dissolved Zn is chelated by an unidentified strong 
organic ligand present at low concentrations in open waters (Bruland, 1989; Ellwood, 2004). 
Two distinct high and low-affinity Zn transport systems have been identified and are 
responsible for maintaining intracellular Zn concentrations in phytoplankton. Manganese, Cu 
and Co can be found in more than one oxidation state in oceanic waters, with different 
solubilities and binding strengths with organic ligands. Manganese exists in seawater as Mn(II), 
Mn(III), and Mn(IV), the last two as insoluble stable oxides in oxic waters. The particulate 
phase can be reduced chemically and photochemically to soluble Mn(II), which is not 
appreciably bound by organic ligands (Sunda & Huntsman, 1994). Dissolved Mn(II) can be 
taken up by phytoplankton by a single high-affinity transport system, which is controlled by a 
negative feedback regulation (Sunda & Huntsman, 1985, 1986). The thermodynamically stable 
form of Cu is Cu(II), which is found almost entirely chelated by strong organic ligands near-
surface waters, although DCu stripped of ligands can be found in surface waters influenced by 
upwelled systems (Moffett & Dupont, 2007). Besides, photochemical reduction and re-
oxidation cycles in surface waters can lead to a steady concentration of Cu(I), making up 
approximately 10% of the dissolved fraction (Moffett & Zika, 1988). Uptake of Cu is a function 
of the concentration of the dissolved free metal species. Finally, at seawater pH, Co co-exists 
as soluble Co(II), strongly chelated dissolved Co(III) or insoluble Co(III) oxides. Like Cd, 
uptake of Co occurs via an inducible transport system which can be down-regulated when 
environmental and intracellular Zn’ are too high (Sunda, 2012).   
1.8 Sea ice primary productivity and Fe fertilization 
Sea ice provides a vast habitat for productive microbial communities of algae, bacteria, 
archaea, heterotrophic protists, fungi and viruses living at the base, in the interior and the 
surface layers of sea-ice floes (Thomas & Dieckmann, 2010). Diatoms dominate algal biomass 
during the bloom period (Ligowski et al., 2012). They are also the biggest contributors to global 
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primary production in the ocean and are important exporters of organic carbon and silica to the 
seafloor (Smetacek, 1999). Maximum carbon uptake rates recorded in land-fast sea ice exceed 
1 g C m−2 d−1 (Arrigo et al., 1995, Grossi et al., 1987) whereas primary production in Antarctic 
pack ice shows much lower rates, with values reaching 60 mg C m−2 d−1 (Roukaerts et al., 
2016). 
Primary production via photosynthesis involves complex processes of light harvesting, electron 
transport and carbon fixation that have different sensitivities not only to cellular control but 
also to environmental conditions such as light intensity and quality, temperature, salinity and 
nutrient availability. Therefore, the type of sea ice and associated gradient of environmental 
conditions control sea-ice algal primary productivity. A major factor controlling Antarctic sea-
ice algae growth is the presence of nutrients (Saenz & Arrigo 2014). Because of that, algae 
usually flourish in the lower-most 0.2m of the ice cover where it is most tightly coupled to the 
underlying seawater and conditions are usually more stable and favourable (Figure 1.10; 
Thomas & Dieckmann, 2010).	Within the ice interior, sea-ice algae can be limited by high 
salinities,  low temperatures, lack of space and low nutrients within the brine system. Internal 
communities are often subjected to the largest environmental fluctuations and often associated 
with the more porous frazil ice (Thomas & Dieckmann, 2010). Overall, autotrophic flagellates 
characterize surface communities, mixed microalgal populations form interior communities 




Figure 1.10 Illustration of the vertical distribution of sea ice communities in pack (a) and fast (b) sea 
ice. Pack ice sea algae normally grow at the bottom and near the sea surface in the porous frazil ice 
where light levels are high and the ice surface is commonly flooded with nutrients. In land-fast sea ice, 
the growth in the skeletal layer is determined primarily by the salinity and by the thickness of the 
overlying snow cover through its effect on vertical light attenuation. (Thomas & Dieckmann, 2010) 
While during the early spring under-ice ocean productivity is limited by irradiance, later in 
spring when light conditions improve, pack ice starts to melt and releases Fe to the water 
column in a matter of days (70% Fe loss over 10 days) (Lannuzel et al., 2008; Smith Jr. et al., 
2000). The fertilization potential of melting sea ice has been widely discussed, with measured 
Fe concentrations in under-ice seawater well above those generally measured in ice-free waters 
(de Jong et al., 2013). Based on in situ observation, van der Merwe et al. (2011b) showed that 
a square meter of sea ice has a fertilization potential for 419 m3 of Southern Ocean water with 
total dissolvable Fe (TDFe) and 49 m3 with DFe. Elevated concentrations of Fe coincide with 
increased productivity, phytoplankton biomass increase, and macronutrient drawdown. This 
indicates that Fe availability influences the uptake of N, P and Si by phytoplankton and, hence, 
controls the location, timing and duration of ice-edge blooms, and their contribution to the 
biological carbon pump (Arrigo et al., 2008a; Fitzwater et al., 2000; Sedwick & DiTullio, 
1997).  
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Although numerous studies have addressed the importance of Fe in the Southern Ocean, there 
is still very limited information on the individual response of sea-ice algal species to Fe 
limitation. Models and field-based studies largely rely on experiments conducted on 
phytoplankton cultures. The Fe limitation has been shown to reduce photosynthetic pigment 
content, light absorption, storage of carbohydrates, growth and quantum yield (ratio between 
carbon assimilated to photons absorbed) in pelagic diatoms in the SO (Pankowski & McMinn, 
2009; Timmermans et al., 2004). Considerable distinctions in Fe use efficiencies have been 
reported for different species of microalgae adapted to different habitats. The harsh conditions 
experienced by sea-ice algae might have exerted a significant evolutionary pressure on sea-ice 
algae to develop a unique Fe metabolism (Pankowski & McMinn, 2009). How changes to the 
physiology will change ice algae abundance and diversity, and therefore, the seeding potential 
of ice algae in the MIZ is unclear. 
The assessment of the large-scale contribution of Antarctic sea ice to the SO primary 
production has been proven to be challenging with only a few estimates from direct and indirect 
techniques. Sea-ice primary productivity was estimated from extrapolation of in situ 
measurements and numerical models, ranging between ~10 to 70 Tg C yr-1 (Arrigo, 1997; 
Saenz & Arrigo, 2014, Jeffery et al., 2020) with a total Seasonal Sea Ice Zone productivity of 
~140 – 180 Tg C yr−1 (Arrigo et al., 2008b; Deppeler & Davidson, 2017) including the marginal 
ice zone. Total primary production in the Southern Ocean (waters south of 50°S) was assessed 
by satellite colour imagery using a primary production algorithm parameterized for SO waters 
and was estimated at approximately 1,949 ± 70.1 Tg C yr-1 (Arrigo et al., 2008b). Therefore, 
up to 10% of the primary productivity of the Southern Ocean might be associated with the 
presence of sea ice. Nevertheless, these estimations carry lots of assumptions and uncertainties 
and they might have greatly underestimated total production in the ice. So far, models do not 
account for complex features like leads, pressure ridges, rafted ice and platelet ice. It is also 
possible that models underestimate the upper and freeboard communities notable because 
production there is sustained by processes such as surface flooding, snow loading and 
remineralization that are rather simply parameterized (Jeffery et al., 2020). 
Satellite imagery has limited reach for evaluating phytoplankton blooms under the usually very 
cloudy circum-Antarctic waters, and it has no applicable use to assess sea-ice algae 
productivity in and under the refractive sea ice barrier. Finally, present data of sea-ice Chla 
and other biochemical parameters are still very sparse (Fripiat et al. 2017; Meiners et al. 2012). 
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The expansion of in situ sea-ice data and/or the development of new remote sensing 
technologies could accelerate the characterization of the magnitude and variability of the 
horizontal distribution of sea-ice algae underneath the ice pack contributing, therefore, to more 
accurate estimations for primary productivity (Meiners et al. 2017). 
1.9 Final remarks 
In the last decades, a better understanding of the importance of sea ice in the polar ecosystem 
has been achieved. Notably, sea ice can harvest and recycle macro- and micronutrients, 
nurturing microorganism communities that are at the base of the marine Antarctic food web. 
Besides, sea ice regulates the ocean dynamics, biogeochemical cycles, carbon export, 
atmospheric composition and the global radiation budget. While physical interactions between 
ocean, atmosphere and sea ice are integrated into current Earth System Models biogeochemical 
processes have so far been left out sea ice. This is because uncertainties remain such as on the 
temporal and spatial distribution of Fe and other trace metals in ice-covered waters, their 
incorporation pathways, and the reciprocal interactions between trace metals and sea-ice biota. 
Under these circumstances, this PhD work aims to increase our understanding of the 
distribution of the key nutrients Fe, Cd, Co, Mn, Ni Cu and Zn in East Antarctica sea ice and 
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Key Points: 
• Primary production in East Antarctic fast ice is not Fe-limited during late-spring/early 
summer. 
• Iron in suspended sediment entrapped during ice formation supports primary 
production in the ice.  
• Windblown dust from ice-free coastal landmasses in the Vestfold Hills contributes 
significantly to the total iron pool in Davis fast ice.  
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Antarctic sea ice is an important temporal reservoir of iron which can boost primary production 
in the marginal ice zone during the seasonal melt. While studies have reported that Antarctic 
fast ice bears high concentrations of iron due to the proximity to coastal sources, less clear are 
the biogeochemical changes this iron pool undergoes during late spring. Here we describe a 3-
week time series of physical and biogeochemical data, including iron, from first-year coastal 
fast ice sampled near Davis Station (Prydz Bay, East Antarctica) during late austral spring 
2015. Our study shows that dissolved and particulate iron concentrations in sea ice were up to 
two orders of magnitude higher than in under-ice seawater. Furthermore, our results indicate a 
significant contribution of lithogenic iron from the Vestfold Hills (as deduced from the 
comparison with crustal element ratios) to the particulate iron pool in fast ice after a blizzard 
event halfway through the time series. Windblown dust represented approximately 75% of the 
particulate iron found in the ice and is a potential candidate for keeping concentrations of 
soluble iron stable during our observations. These results suggest that iron entrapped during 
ice formation, likely from sediments, as well as local input of coastal dust, support primary 
productivity in Davis fast ice. As ice-free land areas are likely to expand over the course of the 
century, this work highlights the need to quantify iron inputs from continental Antarctic dust 




Oceanic single-celled algae are the base of the ocean food web and play an important role in 
the Earth climate. In the Southern Ocean, the growth of these microorganisms is limited by the 
naturally low concentration of iron in the seawater. Microalgae benefits from the presence of 
the Antarctic sea ice since iron is highly concentrated in sea ice relative to the seawater. Less 
clear though is the contribution of the potential sources of iron to the sea ice. We collected and 
analysed sea ice cores for a series of parameters, including iron, from first-year coastal sea ice 
sampled near Davis Station (Prydz Bay, East Antarctica) during late austral spring 2015. Our 
results suggest that iron entrapped during ice formation, likely from seafloor sediments, as well 
as dust blown by winds from the neighbouring Vestfold Hills, are the main sources of iron to 
Davis coastal sea ice. Since we can expect the expansion of ice-free areas and exposed grounds 
over the course of this century, our results highlight the need to quantify the amount of iron 
coming from continental Antarctic dust and to access if microalgae can use this form of iron 
for their basic physiological needs. 
 
 





The ubiquitous scarcity of the key micro-nutrient iron (Fe) makes the Southern Ocean the 
largest High Nutrient Low Chlorophyll (HNLC) area on Earth (Martin, 1990; Martin et al., 
1991). Photosynthetic microalgae require Fe to fix carbon dioxide and, ultimately, fuel ocean 
food webs (Benner, 2011). While the importance of Fe for marine primary production and 
carbon sequestration is well-recognized (Boyd et al., 2007; Martin & Fitzwater, 
1988; Moore et al., 2001), less is known about the bioavailability of the different sources of Fe 
to phytoplankton. Iron can co-exist in a range of different sizes, forms and complexation states 
in the ocean. Direct uptake studies (Hudson & Morel, 1993; Morel et al., 2008) and general 
kinetic models (Hudson & Morel, 1990) have demonstrated that unchelated inorganic Fe is the 
most readily bioavailable form to microalgae. However, at ocean pH and oxic conditions, this 
unchelated form is hardly soluble and precipitates as ferric oxyhydroxide solid complexes 
(Fe(OH)x), leading to extremely low concentrations of this Fe specie in seawater (Lis et al., 
2015; Millero, 1998). Filtrations and analyses enable the categorization of Fe into particulate 
(>0.2 µm) and “dissolved” (<0.2 µm) fractions. Still, the chemical forms of Fe within these 
fractions remain largely speculative (Wells et al.,1995). Today there is evidence that Fe is 
present in seawater mostly in the small colloidal phase, which is included in the operationally 
defined “dissolved” fraction and almost entirely complexed by organic ligands (Gledhill & 
Buck, 2012; Wu & Luther, 1994; Wu et al., 2001). The bioavailability of dissolved Fe (DFe) 
depends in part on its chemical nature (Lis et al., 2015; Wells & Goldberg, 1991). On the other 
hand, the bioavailability of the particulate Fe (PFe) is a function of the thermodynamic stability 
and kinetic lability of this phase (Chen et al., 2003; Kuma & Matsunaga, 1995). Although 
relatively low as a percentage (Lannuzel & Schoemann, 2011), when abundant, PFe can 
become a significant source for phytoplankton. Many studies have now pointed towards the 
importance of the particulate fraction in replenishing the DFe pool via thermal, photochemical 
and ligand-mediated dissolution (Borer et al., 2005; Kraemer, 2004; Sulzberger et al., 1989). 
Despite widespread Fe limitation, intense and regularly occurring springtime algal blooms are 
observed in the Southern Ocean marginal ice zones (Sullivan et al., 1993). This phenomenon 
has been linked to the melting of the seasonal sea ice, which promotes the release of Fe to the 
seawater and surface water stratification (Grotti et al., 2005; Lannuzel et al., 2007, 2008, 
2010; van der Merwe et al., 2009). In contrast to pack ice, which relies on biological activity 
to actively concentrate Fe (Lannuzel et al., 2014), fast ice (i.e., sea ice fastened to the shore) 
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can incorporate high concentrations of Fe simply due to its proximity to lithogenic sources 
such as eroded continental rocks, sediments and dust (Lannuzel et al., 2016). Melting fast ice, 
therefore, has the potential to trigger local phytoplankton blooms, as previously observed near 
Casey and McMurdo stations in Antarctica (de Jong et al., 2013; Lannuzel et al., 2014; van der 
Merwe et al., 2011b). The geographic location of growing fast ice can also greatly influence 
the amount of Fe stored during the initial phase of sea-ice formation, partly dictating the 
magnitude and nature of the sea-ice Fe pool. Naturally Fe-fertilized biological hotspots other 
than sea ice include areas near melting glaciers (Gerringa et al., 2012; Herraiz-Borreguero et 
al., 2016; Raiswell et al., 2008), icebergs (Duprat et al., 2016), areas affected by sediment 
resuspension as well as downstream of windblown dust (de Jong et al., 2013). Importantly, 
some coastal environments are prone to the fastest climatic changes, those which could cause 
an expansion of up to 25% of ice-free areas across the Antarctic landmass by the end of the 
century (Lee et al., 2017). Exposed dust and rocks may subsequently increase the fertilization 
of the Southern Ocean due to its impact on the Fe distribution in coastal sea-ice and potentially 
further offshore (Lannuzel et al., 2016).  Ice-free areas such as the McMurdo Dry Valleys in 
Antarctica have been identified as a source of Fe to the Ross Sea via airborne transport, 
potentially boosting local marine productivity (de Jong et al., 2013). Nevertheless, the 
magnitude and effectiveness of extended ice-free grounds on coastal fertilization and carbon 
sequestration carry large uncertainties given the predominant refractory nature of Fe content in 
the dust (Mahowald et al., 2009).  
Here we present results from a time series undertaken at a coastal site in Prydz Bay to provide 
new insights into sea-ice Fe biogeochemistry during late spring to summer transition. The time 
series also encompasses a blizzard event halfway through our visit, allowing for a dichotomous 
comparison between these two periods. Our study site (Figure 2.1) is surrounded by important 
climate-sensitive features such as the Amery Ice Shelf (AIS) and nearby glaciers, year-round 
sea ice, and one of the largest ice-free zones on the East Antarctic coast (the Vestfold Hills). 
Our first hypothesis is that fast ice plays an important role by delivering potentially bioavailable 
Fe to the waters of Prydz Bay, the third most productive polynya area in Antarctica (Arrigo et 
al., 2015; Figure 2.1c). Our second hypothesis is that Vestfold Hills represent a significant 
source of aeolian Fe dust to Prydz Bay. Findings from this study will help to assess the response 




2.2 Materials and Methods 
2.2.1 Study site  
The study site was located in the Abatus Bay, approximately 2 km north of Davis Station (68° 
34′ 36″ S, 77° 58′ 03″ E), East Antarctica. The area is on the northeast side of the greater Prydz 
Bay area, bounded by the Breidnes Peninsula in the Vestfold Hills, O’Gorman Rocks, 
Anchorage Island, Trigwell Island and Flutter Island (Figure 2.1b). The site was situated 600 
m north of O’Gorman Rocks (a small rocky outcrop) and 200 m southeast of Anchorage 
Island in an area of undeformed sea ice and with a maximum water depth of 20 m. The 
sampling area was located upwind from Davis station (prevailing winds) and other operations 
in the vicinity of the station and off-limits to unauthorized personnel. No sign of foot or vehicle 
prints or other human activity was present at the location during the sampling period.  
 
Figure 2.1 (a) Map of Davis Station location (68° 34′ 36″ S, 77° 58′ 03″ E), East Antarctica. Image is 
courtesy of Google Earth (Goggle Earth Pro V.3.2.5776, 2015). (b) Satellite image of Abatus Bay 
(Davis sea ice) obtained on the 10/13/2015 with geographic abbreviations: AI (Anchorage Island), TI 
(Trigwell Island) and FI (Flutter Island). (c) Chlorophyll colour image of Prydz Bay, late spring 2015 
(NASA Earth Observing System Data and Information System, 2018). Dotted lines indicate the general 
geomorphology of the bay: AD (Amery depression), FB (Fram Bank), FLB (Four Ladies Bank) and CS 
(Continental slope). In red, the main glacial features of the area: AIS (Amery Ice Shelf), SG (Sørsdal 
Glacier) and WIS (West Ice Sheet).  
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2.2.2 Cleaning procedures 
All plasticware including low-density polyethylene (LPDE) sampling bottles, polypropylene 
(PP) melting containers, and carboys, as well as all equipment used directly in contact with the 
samples, were cleaned according to the GEOTRACES protocols (Cutter et al., 2017) as 
follows: LDPE bottles were immersed in 2% (v:v) Decon90 for one week and then rinsed three 
times with reverse osmosis water and three times with ultra-high purity water (UHP water, 
Barnstead) before being soaked in 50% (v:v) HCl (analytical grade, Merck) for one month. 
After acid cleaning, bottles were rinsed five times with UHP water in a class-100 laminar flow 
hood. Bottles were then filled with 1% (v:v) HCl (ultrapure, Seastar Baseline) and stored in 
triple ziplock bags until use. During sampling, bottles were rinsed three times with the sample 
material immediately before collection. Between sampling days, all plastic equipment (Teflon® 
filtration sets, plastic tubing, plastic scoops, LDPE sampling bottles, PP melting containers) 
were rinsed with UHP water and soaked in an acid bath (10-20% (v:v) HCl, according to 
Nalgene® recommendations for each material) and then rinsed thoroughly before use. All 
glassware used for organic carbon and nitrogen filtrations were soaked in a 2% (v:v) 
HCl solution (analytical grade, Merck), rinsed with UHP water, wrapped in aluminium foil and 
combusted at 450 °C for 4 hours. 
2.2.3 Sample collection 
Snow, sea ice, “deep brine” and seawater were obtained on six different dates, converted to 
Julian days:  320, 325, 327, 330, 333, and 336. All samples were collected and analysed using 
trace metal clean protocols as described by Lannuzel et al. (2006) and van der Merwe et al. 
(2009). Samples were collected on consecutive dates upwind from each other to minimize 
cross-contamination, with an isolated zone allocated for the trace metal ice coring. 
Expeditioners wore cleanroom garments (Tyvek overall, overshoes and polyethylene gloves) 
over their warm clothing. Timeseries cores were spaced apart from one another by 
approximately 0.4 m, in a way to balance both the spatial heterogeneity and work disturbance 
effects. All items used for sample collection and storage were acid-cleaned and sealed in plastic 
bags.  
On each sampling day, snow was collected from an area approximately 10 m away from the 
coring site using an acid-cleaned polyethylene (PE) hand shovel and stored in a 3.8-L wide 
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mouth Nalgene® PE bottle. The snow was left to melt at room temperature within the station 
laboratory where it was then processed for Fe and Chla measurements. Four sea-ice cores were 
collected from each site: The first core was dedicated to temperature and salinity 
measurements, the second and third for Chla and particulate organic matter (POC and PON) 
analyses, and the fourth core for trace metal analyses. Cores were sampled 0.1 m apart to 
minimize between-core spatial variability. They were drilled using an electric-powered, 
electro-polished stainless-steel corer of 0.14-m internal diameter (Lichtert Industrie, Belgium), 
previously shown to be noncontaminating for trace metals (Lannuzel et al., 2006; van der 
Merwe et al., 2009). Ice cores were sectioned in the field starting from the top using a medical-
grade bone saw (Richards Analytical). Samples for salinity, POC and PON, were cut every 0.1 
m along the whole ice core. For Chla and Fe quantification, seven distinctive sections (here 
and after referred to S1-S7) were obtained by cutting two top sections of 0.2 m each (S1 and 
S2), two bottom sections of 0.05 m each (S6 and S7) and one middle section (S4) of 0.1 m 
starting 0.4 m away from the base of the ice. The remaining core length left between S2 and 
S4 and between S4 and S6 was designated S3 and S5, respectively. This provides a sequential 
top-bottom S1 to S7 core profile (Figure 2.2). Cores were kept in acid-cleaned plastic bags and 
stored frozen at −20 °C in the dark until further processing. 
 
Figure 2.2 Schematic of the vertical sampling procedure for ice cores used for Fe and Chla profile 
determination. 
“Deep-brine” was collected after determination of the depth of the sea-ice -5 oC isotherm. The 
core was drilled to the chosen depth and then removed, allowing the brine to drain and fill the 
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(sack) hole. During this process, the holes were covered with plastic plugs to avoid airborne 
contamination. The brine was then collected from the hole using a peristaltic pump (E/S 
Portable Sampler, Masterflex) and acid-cleaned Masterflex® tubing. Underlying seawater was 
collected at ~ 0-, 3- and 10-m depths (hereafter referred to as SW0, SW3, and SW10) using a 
custom-made polycarbonate 7-L Helmond‐Byrne (H‐B) water sampler suspended from a 
Kevlar line and triggered using a Teflon® messenger (Sedwick et al., 1997). The sampler was 
deployed through three holes drilled side by side on the first sampling day. Seawater and brine 
samples were distributed into several acid-washed 1-L LDPE Nalgene® bottles avoiding light 
exposure as much as possible until further processing for the suite of parameters described in 
the section below.  
In the Davis station laboratories, sectioned cores were rinsed with UHP water, placed into 
individual acid‐cleaned sealable PP buckets, and allowed to melt in the dark at room 
temperature. Melted samples were processed as soon as possible to avoid sample warming, 
limiting any further biological activity (Rintala et al., 2014). After each day, the saw, ice corer, 
and shovel were abundantly rinsed with UHP water, dried under a class-100 laminar flow hood 
and stored in triple plastic bags until next use.  
2.2.4 Sample processing and analytical methods 
2.2.4.1 Physical variables 
Ice temperatures were measured using a Testo temperature probe (± 0.1 °C precision) following 
insertion into 4-mm holes freshly drilled into the ice core every 0.05 m. Bulk salinity of each 
0.1-m melted ice sections and brines was measured using a Thermo Scientific Orion (Model 
125A Plus) conductivity meter (± 0.1 precision). Brine volume fractions (Vb/V) were 
calculated according to Cox and Weeks (1988) using temperature and bulk salinity values. 
Where salinity and temperature profiles had different depth resolutions, the temperature was 
linearly interpolated to match the salinity. Since changes in the biogeochemical parameters can 
be explained by convective overturning, allowing nutrient supply from the seawater to the sea 
ice, the porous-medium mush-Rayleigh number (Ra) was calculated. The original set of 
parameters proposed by Notz and Worster (2008) for the Ra formulation was used, following 
recommendations in Vancoppenolle et al. (2013). 
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2.2.4.2 Particulate organic carbon and nitrogen 
Snow, seawater, brines and melted ice samples for POC and PON quantification were gently 
homogenized before filtration (0.2–2.5 L). Particulate material was collected by filtration on 
preheated (450 °C, for 24 h) quartz filters (0.7 µm nominal porosity, MGF Sartorius). Samples 
were dried overnight at 60 °C and stored in the dark at room temperature (20 °C) in pre-
combusted scintillation vials until further processing for isotopic composition at the Vrije 
Universiteit in Brussels, Belgium. Prior to analysis, inorganic carbon was removed from the 
filters by 24-h exposure to concentrated HCl fumes inside a closed glass container. Filters were 
packed in silver cups and analysed using an elemental analyzer (EuroEA3000, Eurovector) 
coupled online via a Con-Flo III interface to a Thermo Delta V isotope ratio mass spectrometer. 
POC and PON detection limits were calculated as 3× the standard deviation of the procedure 
blanks, determined as 3.3 and 2.2 µM, respectively (n = 4). 
2.2.4.3 Chlorophyll-a 
Ice cores for Chla analysis were melted at room temperature in the dark (Rintala et al., 2014). 
Immediately after melting, ice core sections as well as brine and seawater samples were then 
filtered under low vacuum (<0.13 bar) onto GF/F filters. The filtered volume (0.1 – 1.5 L) 
depended on the visible organic content and care was taken not to clog the filter.  Filters were 
stored individually in plastic holders at –80 oC in the dark until analysis. Chla concentrations 
were determined fluorometrically with a Turner Designs 10AU fluorometer (in vitro detection 
limit 0.02 µg/L) after extraction with 90% acetone for 12 hours. Fluorescence was measured 
at 750 nm for phaeopigment-corrected Chla determination after acidification with 0.1 N HCl 
according to Arar and Collins (1997).  
2.2.4.4. Iron 
As soon as the snow and ice sections were melted, Fe size fractionation was obtained via 
filtration using a Teflon® perfluoroalkoxy (PFA) filtration apparatus (Savillex, USA) onto a 
0.2-µm pore size 47-mm diameter polycarbonate (PC) membrane filter (Sterlitech) and under 
gentle vacuum (<0.13 bar) to avoid algal cell lysis. The process was repeated for the brine and 
seawater samples. In LDPE bottles, 60 ml of filtrate was collected for DFe analysis. A second 
(sub) filtrate was collected to obtain the sFe using 0.02-µm Whatman® Anotop® syringe filters 
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connected to Tygon® tubing mounted on a peristaltic pump set at 1 ml/min.  The membrane 
was successively rinsed with 10% v:v ultrapure HCl (Seastar Baseline, choice Analytical) and 
UHP water for a combined time of 1 hour before circulating the DFe fraction onto the 0.02-
µm membrane. The first 100 ml were discarded before the final collection of the sFe fraction. 
Filter blanks were also prepared following the same procedure, minus the addition of samples. 
Dissolved and sFe samples were then acidified to pH ~1.8 by adding 1% of 12-M ultrapure 
HCl (Seastar Baseline, choice Analytical) to the samples. Bottles were triple bagged and stored 
at room temperature until analyses. Polycarbonate filters with the retained particulate fraction 
(PFe > 0.2 µm) were placed into acid clean polystyrene petri dishes, triple bagged, and stored 
at –20oC in the dark until further processing and analyses in Australia. 
2.2.4.4.1 Soluble and dissolved Fe analysis 
An automated off-line sample system (seaFAST-pico™, Elemental Scientific; Nobias Chelate-
PA1 resin) was used to preconcentrate trace metals and remove sea-ice and seawater filtrate 
matrices from our undiluted samples according to the method described by Wuttig et al. (2019). 
In-house testing proved the capability of the seaFAST system for accurate Fe determination 
over the large range of salinities encountered in this study. The method accuracy was evaluated 
through extensive analysis of a range of oceanographic standard reference where samples 
concentrations were found to agree with consensus values to within ± 6% and percentage 
recovery of 104 ± 9 (n = 33; salinity range 0 – 60 g/kg) for Fe (Wuttig et al., 2019). 
Preconcentration factors ranging from 10× (snow, bottom sea-ice and brines) to 40× (sea ice 
and seawater) were chosen to provide resultant analyte values. Concentrations of sFe and DFe 
were then determined at the Central Science Laboratory (Hobart, Australia) using a Sector 
Field Inductively Coupled Plasma Mass Spectrometer (SF-ICP-MS, Element 2) according to 
the methodology described by Wuttig et al. (2019).  
The SF-ICP-MS was prepared for trace metal analysis with a clean sample introduction front 
end including sampler cones, torch, spray chamber, pump tubing, and nebulizer, with lengthy 
acid purging. During the period of analysis, the instrument was used exclusively for low-Fe 
level work. Before sample analysis, the instrument was purged with alternate 5% (v:v) HCl 
and 5% (v:v) HNO3 solutions for 1 hour to ensure residual traces from previous analysis were 
not present. Then, the instrument was conditioned to match our sample matrix using a 10% 
(v:v) HNO3 ultra-pure solution. A linear calibration curve was obtained each day using four 
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standards of Fe: 0ppb (0 nM), 1 ppb (17.9 nM), 5 ppb (89.5 nM) and 10 pbb (179. nM) prepared 
from mixed element solutions (QCD Analysts, MISA suite of solutions, VHG Labs, LGC 
Standards, Manchester, NH, USA), all in 10% (v:v) HNO3. Indium (In) as an internal standard 
was added to all blanks, standards, and samples at a concentration of 10 ppb (87.1 nM). After 
calibration and rinsing, the calibration blank was analysed in triplicate to ensure a low 
instrument baseline prior to sample analysis. A 2.5-min rinse with 10% (v:v) HNO3 was used 
between each sample. Furthermore, care was taken to run the samples in order of potential 
increasing concentrations to help minimize between sample carryover/memory effects (starting 
from snow followed by top/intermediate ice, seawater, brine and bottom ice). All samples were 
handled with care using standard trace metal work precautions (gloves and sleeves) inside a 
portable class-100 laminar flow hood under a flowing stream of HEPA-filtered air. Instrument 
drift was periodically monitored between each set of samples using the 5-ppb calibration 
standard as a quality control solution. Data were blank corrected by subtracting an average of 
at least three acidified UHP blanks. Finally, the average DFe detection limit from the five-day-
instrument run was calculated as 0.001ppb (0.02 nM; n = 15; 3× the standard deviation of the 
acidified UHP blank for each day of analysis). Analysis of certified reference material prepared 
in 10% in-house seawater (NASS6, National Research Council Canada) was conducted in 
parallel with field samples. A mean Fe value of 0.423 ± 0.02 µg/L (n=3) was found, in good 
agreement with the certified (indicative) value of 0.493 ± 0.05 µg/L. Colloidal Fe fraction (cFe) 
was calculated as the difference between the DFe and sFe concentrations. 
2.2.4.4.2 Particulate metals  
Polycarbonate filters with retained PFe and procedural filter blanks were digested using strong 
ultrapure acids to ensure complete digestion of the most refractory particles (Bowie et al., 
2010). Firstly, a mixture of 250-µl 12 M HCl, 250-µl 16 M HNO3, and 500-µl 29 M HF (Seastar 
Baseline, Choice Analytical) was added to each 15 ml Teflon® PFA vial (Savillex, USA) 
containing sample filters or blank filters. Vials were immediately closed and heated to 120 oC 
for 12 hours over a Teflon®-coated hot plate (SCP Science) inside a clean laboratory fume 
hood, followed by dry evaporation for 4 hours at 120oC after the vials were opened. The dried 
residues were then resuspended in 9.9-ml ultrapure 10% (v:v) HNO3 and 100 µl of In solution 
(final concentration of 10 ppb). Five-ml subsamples were then transferred to 10 ml PP tubes 
before PFe quantification using SF-ICP-MS following the same procedures as outlined in 
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Section 2.2.4.4.1. The mean value for procedural digested acid blanks (n = 3) was 0.01 ± 0.005 
ppb (0.2 + 0.1 nM). The limit of detection was calculated as three times the standard deviation 
of the procedural blank, determined as 0.015 ppb (0.27 nM). The same procedure and quality 
control were run for determination of other metals which purpose is described in the following 
section, listed: aluminium (Al), barium (Ba), thorium (Th), strontium (Sr) and uranium (U). 
2.2.5 Statistical Analysis 
A linear mixed effects model was applied to the data set to investigate trends in the parameters 
of interest (DFe, sFe, cFe, PFe, PFe:DFe, Chla, POC) over time. Before adjusting the model, 
a rank-based inverse transformation approach (rankit - Bishara & Hittner, 2012) was applied 
to reduce the asymmetry, variability and effects of discrepant observations; hence, normality 
could be assumed. The choice of a mixed model relies on the expected correlation between 
different ice sections, which was considered by a random effect of sections. Also included was 
the fixed effect of days, which was tested for significance in the regression models via a 
restricted maximum likelihood method. Potential correlations between sFe, cFe, DFe and PFe 
with other sea-ice physical and biogeochemical parameters were investigated using a Spearman 
correlation coefficient test due to the nonnormality observed in the data. For this test, two data 
sets were considered: all sections (S1 - S7) and only bottom sections (S6 and S7) along the 
whole study period. All analyses were performed using the R programming language (version 
3.3.1). The molar elemental ratios Fe:Al, Ba:Sr and Th:U in the snow were used as a tracer of 
lithogenic sources (Sharaton & Collerson, 1984; Wedepohl, 1995) and were obtained by the 
average particulate fraction concentration of available samples.  
2.2.6 Fe budget and demand calculation 
Based on the measurements of Fe concentration and sea-ice thickness from the sampled cores, 
a depth-integrated DFe, PFe, and TFe (DFe +PFe) inventory was calculated for each sampling 
day. The DFe inventory (μmol/m2) was determined by multiplying the concentrations of each 
ice core section by their section thickness and summing them up. In order to reduce a possible 
bias due to the inter-core variability and to obtain a conservative balance between the ongoing 
physical and biological mediated changes in the iron pool and the potential input of dust 
associated to the punctual blizzard event observed at day 329, the Fe budget during the period 
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under consideration was inferred by the following calculation. First, the inventory of the second 
half of the times series (median day 330-336) was subtracted by the inventory of the first half 
(median day 320-327). Next, this result was averaged with the budgets obtained from the 
median inventory of the first 2 days (320 and 325) and last 2 days (days 333 and 336) and from 
the first (320) and last day (336). The potential Fe demand by sea-ice algae during the spring 
season was estimated by considering the average of the three highest POC concentrations at 
S7 (where autotrophs usually dominate), which were found on days 325, 327 and 333. Since 
around 90% of the POC was present in the lowermost layer (S7), Fe demand calculations were 
restricted for this layer as a proxy for the entire ice cores. Therefore, the maximum Fe demand 
of the ice was calculated by multiplying the average of the highest S7 POC concentrations by 
the literature average Fe:C ratio for diatoms. Finally, the daily demand was determined by 
dividing the total demand by 90, that is, the number of days in spring. 
2.3  Results 
2.3.1 Sea-ice thermodynamics 
Sea-ice temperatures increased with ice-core depths, and over time, consistent with increasing 
air temperatures over the study period (Figure 2.3a). Brine volume fractions above 5% during 
most of the time series indicate the permeable characteristic of the ice (Figure 2.3c). The 
highest Ra value (4.5) was observed on day 320 for the sea-ice top layer and values close to 




Figure 2.3 (a) Vertical profiles of sea-ice temperature, (b) bulk-salinity, (c) calculated brine volume 
with the theoretical 5% threshold for sea-ice permeability shown as dashed line and (d) Rayleigh 
numbers (Ra) for each sampling day. The Ra expresses the ratio between the negative buoyancy in the 
brines and dissipation. Greater Ra numbers indicate a higher propensity for brine convection to occur.  
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2.3.2 Vertical distribution of soluble, colloidal and particulate Fe  
Despite the marked heterogeneity of the Fe distribution, DFe and PFe concentrations in sea ice 
were up to an order of magnitude higher than under ice water concentrations. Soluble, DFe and 
PFe concentrations measured in the snow, sea ice, brine, and seawater are summarized in Table 
2.1. A detailed description of values for each day and ice section is available through the link 
in Section 2.6. 
Table 2.1 Summary statistics for Fe fractions and biological parameters averaged for the whole time 
series. 
Medium Iron fractions            Biology 
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The average depth-integrated iron inventories (days 320 - 336) for DFe, sFe, cFe, and PFe were 
8.4 ± 3.0, 1.8 ± 0.4, 6.6 ± 2.8 and 38.3 ± 29.0 µmol/m2, respectively. The cFe fraction 
represented approximately 75% of the integrated dissolved fraction, accounting for roughly 
20% of the integrated TFe. Soluble and DFe for S5 on days 327, 330 and 333 showed distinct 
high outlier values when compared to the neighbouring sections and all top and intermediate 
layer values. We suspect that possible contamination could have occurred during the melting 
process of the S5 sections on these days since the same bucket was used, therefore, they were 
discarded for statistical analysis. Dissolved and PFe concentrations were generally high in the 
snowpack (Table 2.1), with markedly high values (>1 µM) for PFe found on days 330, 333 and 
336. Grey ash-like deposits were observed on the snow filters on these days. The average snow 
particulate Fe:Al, Ba:Sr and Th:U molar ratios were 0.48 (0.46 to 0.53, n=6), 1.84 (1.52 to 
2.12, n=5) and 2.6 (1.0 to 2.99, n=5), respectively. Average concentrations for DFe, cFe, sFe 
and PFe in seawater (SW3 and SW10) from all stations were 2.1 ± 1.4, 2.3 ± 0.1, 5.5 ± 1.1 and 
2.4 ± 4.3 nM, respectively. Values for SW0 were not considered here in order to obtain a more 
realistic picture of the Fe profile of the water column without the interference of localized 
fluctuations from the bottom ice.  
2.3.3 Temporal distribution of soluble, colloidal and particulate Fe 
Davis data show there was a decrease in bulk sea-ice DFe concentration from day 320 to 336 
when all ice layers (S1 – S7) are considered (p <0.05). Both soluble and colloidal fraction (and 
consequently, total DFe) had a similar behaviour over time, with increasing basal and 
decreasing surface and internal concentrations (Figure 2.4b, c and d). The mean sFe, cFe and 
DFe concentrations from the upper and intermediate ice layers (S1 – S5) declined from 1.2 ± 
0.1, 10.3 ± 14.5 and 9.6 ± 1.5 nM on day 320 to 0.7 ± 0.3, 1.8 ± 0.2 and 2.2 ± 0.8 nM on day 
336, respectively. Bottom ice (S6 – S7) sFe, cFe, and DFe concentrations rose from 3.6 ± 0.7, 
4.6 ± 1.6 and 8.2 ± 2.6 nM on day 320 to 6.8 ± 8.7, 8.3 ± 8.8 and 15.1 ± 17.5 nM on day 336. 
In contrast, an increasing trend in the bulk sea-ice PFe (S1 – S7) was observed for day 325, 
330, 333 and 336 in relation to the first day (p <0.01). Mean PFe concentration increased from 
8.9 nM on day 320 to 70.3 nM on day 336, peaking at day 330 (112 nM). There is evidence of 
an accumulation of PFe also in the upper-middle layers of the ice (S1 – S5) where the 
concentration increased from 4.5 ± 1.5 nM on the first day to 20.6 ± 17.5 nM on the last day. 
Overall, Davis sea ice lost 0.3 ± 0.1 μmol.m-2.day-1 of DFe and 0.3 ± 0.1 μmol.m-2.day-1 of cFe 
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while soluble Fe was kept relatively constant (0.004 ± 0.02 μmol.m-2.day-1). PFe increased by 
2.6 ± 0.7 μmol.m-2.day-1 over the same period (see Section 2.2.6 for budget calculation). The 
comparison between the first and second half of the time series (before and after the blizzard 
event) highlights the marked gain of PFe (Figure 2.5d). During this time, average seawater DFe 
concentration decreased from 5.2 ± 1.1 to 3.1 ± 0.6 nM (n = 12; p <0.01), while seawater PFe 




Figure 2.4 a)  Maximum and average daily air temperatures. Contour maps showing the temporal 
evolution of b) dissolved (DFe), c) soluble (sFe), d) colloidal (cFe) and e) particulate (PFe) sea-ice iron 
fractions.  
 Finally, a significant increase in the PFe:DFe ratio (nM:nM) over time was also observed (p < 
0.01). The mean PFe:DFe was 7.9 ± 8.4, increasing from 1.4 ± 0.8 on day 320 to 11.8 ± 7.6 on 
the last day. At day 320, PFe represented around 45% of the total Fe content in sea ice, 
increasing to over 90% on day 336. Both the soluble and colloidal fraction percentage 
decreased during the time series, with the reduction in the colloidal fraction more pronounced 







Figure 2.5 Vertical profiles of DFe, sFe, cFe, PFe, Chla, and POC in sea ice before and after the blizzard 
event. Values were averaged for 320 – 327 (blue line) and 330 – 336 (red line). Standard deviations are 
represented by the horizontal bar. Also shown are values for snow, “deep brine” and under-ice seawater 
samples (expressed as mean values for SW0, SW1, and SW10 samples). 
2.3.4 Sea-ice biogeochemistry and Correlations with Fe fractions 
High concentrations of Chla were maintained throughout the time series, particularly in S7, 
where values were up to three orders of magnitude higher than the mean Chla concentration of 
the underlying seawater (Table 2.1).  Although a statistically significant temporal trend in total 
Chla could not be observed, an increase in Chla is evidenced when both half-period averages 
are compared (Figure 2.5e). A significant increase in POC over time was detected for day 325, 
330, 333 and 336 (p <0.01). The POC and PON vertical profiles followed the same pattern as 
the Chla, with higher values in the bottom sections (link to data available in Section 2.6). 
A strong correlation of PFe with POC and PON (r > 0.7, p <0.01) and a moderate correlation 
of sFe with Chla was observed (r =0.6, p <0.01). A moderate correlation of sFe with 
temperature (r = 0.7), salinity (r = 0.6) and brine volume (r = 0.6) was also found. There was 
no evidence of a correlation between DFe and PFe for all the sections analysed together and 
only a moderate one for the bottom ice (r = 0.6, p <0.05).  
2.4 Discussion 
2.4.1 How thermodynamics control Fe distribution in fast ice during late spring 
During this study we could observe a transitional sea-ice stage characterized by temperatures 
evolving towards isothermal conditions and decreasing brine salinities (Figure 2.3). At the 
beginning of the time series (day 320), the lower air temperature maintained the ice surface 
colder than the bottom and a resulting C-shape salinity profile (Figure 2.3 a, b). The season 
progressed, and ice surface temperatures reached values above the threshold for bulk ice 
permeability (–5 °C) for the first time on day 325. Although the Ra number did not exceed any 
theoretical threshold for brine convection during this study (typically of 7; Notz & Worster, 
2008), higher Ra numbers were observed in the top layers of the ice (where cold, salty and 
dense brine sits) on day 320 (Figure 2.3 d). This suggests a potential instability and propensity 
for brine convection to occur and could explain the transfer of most of the DFe pool from the 
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upper layers of the ice (S1, S2) to the bottom ice (S6, S7) between day 320 and 325 (Figure 
2.4b). The loss of brine by convection was also evidenced by a decrease in sea-ice surface 
salinity. On day 325, the Ra gradient (the difference between top and bottom) was already the 
lowest of the time series; thus, gravity drainage and diffusion are expected to be the main 
process driving the vertical transfer of Fe from thereon.  
The lack of correlation of PFe, DFe, and cFe with brine volume suggests that part of the Fe 
was retained in the ice despite the brine movement (Lannuzel et al., 2016). This is further 
evidenced by the fact the Fe concentrations measured in sack-hole brines were much lower 
than the theoretical brine concentrations calculated for all Fe fractions ([Fe]br = [Fe]/ Φbr, where 
[Fe] is the concentration of Fe in the bulk sea-ice sample and Φbr is the brine fraction). 
Interestingly, the mean ratio between theoretical and measured concentrations for the soluble 
fraction (5 nmol/nmol) was half of that obtained for the colloidal fraction (10 nmol/nmol), 
suggesting a distinct behaviour between these size fractions. Soluble Fe concentrations also 
exhibited a moderate correlation with temperature (r = 0.7), salinity (r = 0.6) and brine volume 
(r = 0.6), further indicating some conservative behaviour between this fraction and the ice 
thermodynamics. Particulate Fe was also impoverished in the sack-hole brine compared to bulk 
sea ice when theoretical brine PFe concentrations were calculated, with no correlation with 
salinity, brine volume, or DFe. Although the high contribution of lithogenic sources to the 
particulate fraction might have masked any possible correlation between PFe and DFe, this 
result corroborates previous field observations (van de Merwe et al., 2011) showing that the 
PFe and cFe fractions might be more susceptible to physical entrapment in the brine channel 
system than the truly sFe fractions. 
2.4.2 Sea-ice biology: estimating the Fe demand by ice algae  
The enhanced autotrophic activity in the internal layers of the ice, evidenced by increasing 
Chla concentrations, combined with a peak of Chla in the upper 3 m of the water column on 
day 330 (from 0.1 µg/L on day 327 to 0.3 µg/L on day 330), suggests that both sea-ice algae 
and phytoplankton benefited from the above supply of DFe from surface and interior ice layers. 
The high Chla concentrations in the lowermost ice sections, where conditions of light, space 
and nutrient availability are favourable for growth, point toward the dominance of autotrophic 
activity at this time of the year (Arrigo et al. 2017, Meiners et al., 2018). Archer et al. (1996) 
reported heterotrophic protozoa were approximately twice as abundant in the sea-ice interior 
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than in bottom ice near Davis station during late spring-summer 1994. In our study, differences 
in the POC:PON and Chla:POC ratios observed between S7 and the layers above also suggest 
a predominant autotrophic bottom and heterotrophic ice interior. 
Assuming that the majority of POC in both seawater and bottom sea ice consist of autotroph 
cells (as inferred from the POC:PON ratios), and using the average Fe:C uptake ratio of 35 
µmol:mol for marine diatoms (Sarthou et al., 2004), one can estimate the maximum biological 
Fe demand during spring. Up to 52 nmol m-2 day-1 of Fe is required to sustain Davis fast ice 
(and water column) productivity. During the study period, DFe concentration in seawater (1 - 
10 m) decreased by approximately 2 µmol.m-2 day-1. Even if we assume that bottom ice 
communities used Fe exclusively from the seawater via ice-seawater exchanges, the daily loss 
of seawater DFe greatly exceeded the ice biological demand (and negligible consumption from 
the phytoplankton). A higher Fe:C uptake ratio by ice algae compared to pelagic phytoplankton 
could partially explain this difference; sea-ice algae could have evolved to less efficiently use 
of the abundant Fe present in sea ice. In fact, it has been demonstrated that Fe and silicate 
colimit diatom growth in the Southern Ocean (Brzezinski et al., 2005; de La Rocha et al., 2000; 
Franck et al., 2000, 2003; Hoffmann et al, 2007). Considering the predominance of this type 
of algae group in the ice, a higher silicate requirement per unit of carbon synthesized could, 
consequently, mean a higher demand for Fe as well. This said, an unlikely much higher 
µmol:mol Fe:C biological uptake is needed to fully explain the total removal of DFe observed 
in the seawater, assuming the stability of this fraction in the water. A more plausible answer 
for the observed mismatch between the primary producers’ Fe demand and the seawater DFe 
decrease could be related to the short residence time of DFe in seawater. The relatively high 
initial DFe concentration in the seawater on day 320 could come from the sea ice; the changes 
in sea-ice temperature and permeability observed can promote the flushing of salts and DFe 
(Lannuzel et al., 2013). Within the seawater, this new input of DFe can rapidly be converted to 
less soluble forms of Fe in the particulate range via binding with unsaturated algae-produced 
exopolymeric substances (EPS) favouring aggregation processes onto settling particles or 
directly precipitated as particulate oxides (Decho & Gutierrez, 2017; Schoemann et al., 1998). 
In contrast to the DFe trend in the seawater, there is evidence of an increase in the seawater 
PFe concentration indicating that part of the DFe drainaged to the water might have indeed 
been adsorbed/converted into PFe. The dominance of autotrophic over heterotrophic processes 
in the surface water, assumed by the POC:PON ratio (6.7) close to the Redfield ratio of 6.6 for 
algae uptake (Redfield et al., 1963) would keep the seawater DFe concentration low due to the 
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lack of conversion of PFe into DFe via recycling. It is worth mentioning that potential 
advection of new water masses (e.g., tidal cycles) with different physicochemical properties 
could also have affected the seawater results, masking a clear interaction between the sea-ice 
and seawater Fe pools (Smith et al., 1984).  
2.4.3 Sources of iron to Davis fast ice 
The fast ice off Davis lost approximately 0.3 ± 0.14 µmol m-2 day-1 of DFe during the time 
series (3.6 ± 1.1 µmol/m2 over the entire period). This suggests the ice itself could potentially 
supply all the Fe needed (52 nmol m-2 day-1) for the local sea-ice algae and phytoplankton to 
grow. On the other hand, during the same period, bulk-ice PFe and total Fe (TFe = DFe + PFe) 
in Davis fast ice increased on average by 2.6 ± 0.7 and 2.3 ± 0.6 µmol m-2 day-1, respectively. 
This represents a ~ 50% increase in the TFe inventory during the time series. The conversion 
of DFe to PFe via biological uptake would only account for a maximum of 5% of this budget. 
Therefore, an external input of PFe must be considered. In the next paragraphs, potential 
sources of Fe to Davis land-fast ice are discussed. 
2.4.3.1 Sediments and tides: the influence of coastal proximity on the distribution of iron in 
fast ice.     
Benthic diffusion and resuspension of sediments has been associated with high productivity 
rates in coastal areas of Antarctica and is suggested as the main pathway to fuel marine 
productivity on the Antarctic shelf (de Jong et al., 2012). Micromolar DFe concentrations can 
be found in sediments due to the anoxic reduction and dissolution of the particulate phase 
(Sachs et al., 2009). The shallow bathymetry of the studied area and the labile characteristics 
of local surface sediments of predominant biogenic nature would also favour bacterial activity 
(Dunbar et al., 1989). De Jong et al. (2012) described the presence of a permanent nepheloid 
layer at the seafloor associated with resuspension processes enriched in leachable PFe which 
could represent an upfront source of high levels of bioavailable Fe. Even the lower range of 
marine sediment fluxes reported by the author (1.3 μmol m-2 day-1; de Jong et al., 2012) could 
fully explain the DFe concentrations found in sea ice and seawater throughout the present 
study. During autumn, the mobilization of this source, driven by the presence of ocean surface 
winds and a deeper mixed layer, could favour the incorporation of Fe-rich sediments into the 
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ice. Convection driven by barotropic currents (tidal and density) and vertical diffusion could 
further pump sediments into the porous sections of the bottom sea ice at the ice-water interface 
(Hodgkinson, 1991; Vaz & Lennon, 1996). Eventually, this Fe pool can be supplied to the ice 
algae and phytoplankton communities in spring, when environmental conditions favour 
primary productivity, but surface mixing is weakened by the presence of sea ice.  
Sea-ice DFe concentrations from this study were close to those reported from fast ice in the 
Ross Sea during summer (de Jong et al., 2013) and in East Antarctica during winter / spring 
(van der Merwe 2011b). Common to these sites was the proximity to the coast (less than 2 km). 
DFe reported here were generally higher than those observed by Grotti et al. (2005) in the Ross 
Sea during summer (Table 2.2), possibly due to the deeper bathymetry (~450 m) of their study 
site. Our DFe values were also higher than those measured in East Antarctic fast ice, collected 
approximately 75 km away from the coast (van der Merwe et al, 2011a). Interestingly, PFe 
concentrations at Davis were in general lower compared to the past studies. This discrepancy 
could result from a range of factors. Differences in the type of sea ice (columnar versus 
granular), timing of ice formation, presence or absence of platelet ice, age of the ice (first/multi-
year ice), and the stage of the season (spring versus summer), for example, could all lead to 
different concentrations of PFe incorporated from sedimentary sources (de Jong et al., 2013). 
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Table 2.2 Reported Fe concentrations (nM) in land-fast ice, snow on sea ice, and under-ice seawater 





PFe (nM) Region Reference 
Snow      
     Spring/summer 5.2 - 37.7 9.0 - 6,090 Prydz Bay, East 
Antarctica 
This study 
 Spring 0.2 - 1.1 1.1 - 12.0 East Antarctica van der Merwe et 
al. (2011a) 
 Winter /spring 0.9 - 7.1 2.3 - 101 East Antarctica van der Merwe et 
al. (2011b) 




Ross Sea, McMurdo 
Sound 
de Jong et al. 
(2013) 
 Winter/spring 1.0 - 6.5 2.1 - 15.0 East Antarctica Lannuzel et al. 
(2007) 
 Spring/summer 0.7 - 3.2 7.8 - 14.0 Weddell Sea Lannuzel et al. 
(2008) 
Fast ice      
 Spring/summer  1.0 - 63.8 2.1 - 416 Prydz Bay, East 
Antarctica 
This study 
 Spring 0.8 - 2.1 7.5 - 215 East Antarctica van der Merwe et 
al. (2011a) 
 Winter /spring 2.1 - 81.0 40.4 - 6,830 East Antarctica van der Merwe et 
al. (2011b) 
 Summer 2.2 - 109 9.0 - 1,850 Ross Sea, McMurdo 
Sound 
de Jong et al. 
(2013) 
 Summer 1.1 - 6.0 26.0 - 1,162 Terra Nova Bay, Ross 
Sea 
Grotti et al. 
(2005) 
Under ice   
seawater 
     
Spring/summer  2.5 - 6.6 0.2 - 11.8 Prydz Bay, East 
Antarctica 
This study 
 Spring 0.1 - 2.6 0.1 - 2.9 East Antarctica van der Merwe et 
al. (2011a) 
 Winter /spring 1.5 - 3.7 11.0 – 60.0 East Antarctica van der Merwe et 
al. (2011b) 
 Summer 0.3 - 3.7 1.1 - 20.0 Ross Sea, McMurdo 
Sound 
de Jong et al. 
(2013) 
 Summer 0.7 - 1.5 28.0 - 45.0 Terra Nova Bay, Ross 
Sea 
Grotti et al. 
(2005) 
 Winter/spring 1.1–4.5 <dl‐4.4 East Antarctica Lannuzel et al. 
(2007) 
 Spring/summer 0.7–1.7 0.4–4.0 Weddell Sea Lannuzel et al. 
(2008) 
 
2.4.3.2 Snow and dust: Can ice-free areas impact Fe concentrations in fast ice? 
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Snowpack PFe values measured during the first half of the time series at Davis (days 320 – 
327; 9.0 – 255 nM) were similar to those previously observed off Casey Station (van der 
Merwe, 2011a, 2011b). However, snow PFe values observed during the second half of our 
study (days 330 – 336, 1.2 – 6.1 µM) are much higher and only comparable to those reported 
from McMurdo Sound, Ross Sea (de Jong et al., 2013). Snowfall and snowdrift associated with 
strong winds (see Figure S1) halfway through the time series led to PFe concentrations >1 µM 
in the snowpack at day 330, 333 and 336. Hourly recorded air temperature data from Davis 
Station showed positive air temperatures were reached for the first time on day 329 (Figure 
2.4a). This surface warming may have led to the percolation of Fe-rich particles through the 
melting snowpack, leading to the sharp PFe increase observed in the ice below on day 330. 
This input can be translated into 80% of PFe added to the sea ice between the first and second 
half of the time series and could be explained by the percolation of only 5% of the snow PFe.  
The question is: where is this high PFe in snow coming from? The proximity to extensive ice-
free land as a common geographic characteristic could explain the high snow PFe observed 
near Davis and McMurdo (de Jong et al., 2013). The Davis sampling site was surrounded by 
ice-free rocks: Vestfold Hills in the south, the largest rocky ice-free land in East Antarctica, 
and three major islands (Anchorage, Trigwell, and Futtler island) in the north. A satellite image 
obtained during springtime shows the possible influence of this dust source to the area (Figure 
2.1b), where north-easterly winds draw a dust plume onto the ice offshore from the Vestfold 
Hills and surrounding islands. To validate this satellite observation, elemental molar ratios 
measured in snow samples were compared to literature values from the continental crust and 
Vestfold Hills rock samples. The average snow Fe:Al molar ratio of 0.5 obtained from Davis 
snow is consistent with previous Fe:Al ratio estimates of ~0.4 for the upper continental crust 
obtained during different geological surveys (Gao et al., 1998; Taylor & McLannen, 1985; 
Wedepohl, 1995). Similarly, the snow Ba:Sr ratio of 1.8 from this study also falls within the 
range of 0.9 - 2.5 for the upper and bulk continental crust and is close to values found in the 
predominant rock composition of the Vestfold Hills, listed: felsic tonalite (0.9 to 1.4), mafic 
granulite (0.6 to 3.1) and biotite-garnet-quartz-feldspar gneisses (~2.0), which vary along the 
Vestfold Hills (Sharaton & Collerson, 1984). The observed Davis snow Th:U ratio (2.6) was 
also consistent with Th:U values from the abundant tonalities found in the Mossel and Crooked 
Lake gneisses (2.0 and 4.0), two major lithogenic units of the Vestfold Hills (Sharaton & 
Collerson, 1984). Therefore, assuming the absence of seawater infiltration into the snow (as 
indicated by the low snow salinity value) and disregarding any negligible contribution from 
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long-range atmospheric aerosol deposition during the period under consideration, the overall 
high concentration of PFe in the snow can be plausibly linked to natural dust input from the 
surrounding land, as also suggested by the satellite imagery. In this context, we can calculate 
the PFe flux from local dust sources. Coastal dust was responsible for a flux of 374 ± 146 µmol 
m-2 day-1 of PFe over the blizzard event. The same can be translated into an average flux of 8.3 
± 3.3 μmol m-2 day-1 of dust PFe into Davis land-fast sea ice, assuming 3 months of the spring 
season. 
Dust is a lithogenic and therefore a highly refractory source of Fe. Once added to sea ice or 
seawater, lithogenic Fe can undergo photochemical and biologically mediated processes that 
increase its bioavailability (Frew et al., 2006; Hassler & Schoemann, 2009). These processes 
can become especially relevant considering the magnitude of the dust flux observed. Besides 
affecting the amount of Fe input to sea ice, snow PFe can supplement the Fe released from 
melting sea ice, potentially extending the duration of the Fe fertilization from the event. Global-
scale biogeochemical models have assigned the fractional solubility of natural Fe aerosols 
within the range of 1-10% (Archer & Johnson, 2000; Fung et al., 2000; Gao et al., 2003; Gregg 
et al., 2003; Moore et al., 2004; Moore & Doney, 2007). Using this solubility range and dust 
flux of 8.3 μmol m-2 day-1, wind-blown dust could deliver 0.08 to 0.8 μmol m-2 day-1 of DFe to 
the sea ice and seawater during springtime. It is worth noting that this flux could be lower or 
higher given that Fe solubility in dust particles is still a highly debated topic (Chen et al., 2006; 
Mackie et al., 2005; Mahowald et al., 2009; Zhu et al., 1997). Edwards and Sedwick (2001), 
for example, reported Fe solubility of 30% in Antarctic snow, while other researchers have 
argued that almost all aeolian Fe might be bioavailable, depending on the timescale, ligands 
complexation and acquisition mechanisms from the biological community (Gledhill & Buck, 
2012; Mahowald et al., 2009; Weber et al., 2005). The dissolution of lithogenic PFe within the 
snow could explain why the ice sFe concentrations were maintained constant through time 
even considering evidence of brine movement. Part of this sFe is expected to be rapidly 
converted into cFe (Wu et al., 2001), which could then bind to EPS and be adsorbed onto cell 
surfaces. The concentration of cFe would still decrease, as observed here, not only due to the 
loss of this fraction to the seawater via gravity drainage but also because cell coated cFe-EPS 
is retained during filtration. Interestingly, the mean sFe:PFe ratio obtained in snow samples 
from the first half of the time series (5 x 10-2 ± 7 x 10-2), before the snowstorm on day 329, was 
three orders of magnitude greater than the mean sFe:PFe from the second half (7.5 x 10-5 ± 5 
x 10-5). This indicates that the interaction between snow, which can carry atmospheric acids 
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such as sulphate and organic acids, and the dust may increase Fe solubility in snow, given 
enough time for this process to occur. The relevance of this symbiotic interaction is evidenced 
by studies which have shown that atmospheric aerosol particles have much higher Fe solubility 
(up to 80%; Baker et al., 2006; Johansen et al., 2000) than soil purely. Once deposited onto the 
snowpack, the Fe dissolution from refractory particles could be further aided by photochemical 
reactions in the snowpack, taking advantage of its upfront exposition to the sunlight. 
Photoreduction of Fe+3 to Fe+2 can enhance its solubility and bioavailability (Barbeau & 
Moffett, 2000). Therefore, even though most of the Fe found in the Davis snowpack is likely 
from local dust and not from other types of atmospheric aerosol particles (desert 
dust/combustion) carried during wet deposition (snow), the sFe:PFe results suggest an 
important interaction between snow and dust (soil) favouring the solubilization of Fe. Although 
the processes discussed above are potentially relevant for the first part of the time series, the 
short observation window after day 329 restricted our chances to observe the same Fe 
solubilization in surface snow during the second part. Clearly, measurements using relevant 
sieving and chemical leaching techniques are needed to deliver a uniform assessment on Fe 
solubility from lithogenic sources under varying atmospheric conditions. 
2.4.3.3 Flux from other sources 
The average and range of under-ice seawater DFe concentrations in this study were higher than 
previously observed under land-fast and pack ice (Table 2.2). This could not only be related to 
the shallow bathymetry of the area (20 m) and contribution from sea ice but also to the 
proximity of nearby ice shelves, lateral transport, as well as recycling processes. When the sea 
ice starts to consolidate during autumn, convective processes driven by the brine rejection 
contribute to the vertical mixing of water. At this time of the year, seawater is also enriched in 
Fe from the melting of the surrounding AIS and WIS. Herraiz-Borreguero et al. (2016) found 
concentrations of DFe in the marine ice of the AIS up to four orders of magnitude higher than 
those typical of Southern Ocean surface waters, which could fertilize waters 300 km away from 
the meltwater source. The potential influx of bioavailable Fe into Prydz Bay waters due to the 
common presence of icebergs could also have an important impact on the mobilization of 
sediments and mechanical mixing/upwelling of the water column, also dragging considerable 
amount of terrigenous material (Arrigo et al., 2008; Duprat et al., 2016; Raiswell et al., 2008; 
Smith et al.,2007). Lateral advection associated with the westerly current along the coast and 
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deeper intrusive water masses originating from the Antarctic Circumpolar Current can also 
sustain a constant influx of new stock of Fe into the area (Vas & Lennon 1996). Finally, biotic 
mechanisms such as grazing by protozoa and recycling by higher trophic levels have been 
proposed to regenerate bioavailable Fe in the seawater providing a secondary source of Fe to 
coastal fast ice (Nicol et al., 2010; Ratnarajah et al., 2014; Schmidt et al., 2011). 
2.4.4 Estimating the potential primary production in East Antarctica from fast-ice melting 
The combined sea-ice and snow median inventory of 13.9 µmol/m2  DFe and 252 µmol/m2 PFe 
for the study period could represent a flux to the seawater of approximately 0.5 and 8.4 µmol 
m-2 day-1, respectively; assuming a period of 30 days for the complete release of both fractions 
(Lannuzel et al., 2008). This ice DFe flux is higher than the estimate of 0.3 μmol m-2 day-1 for 
pack ice around East Antarctica (Lannuzel et al., 2010), 0.34 and 0.25 μmol m-2 day-1 for ice 
floes in the Bellingshausen Sea (de Jong et al., 2015), and 0.05 - 0.3 μmol m-2 day-1 obtained 
for land-fast sea ice in McMurdo Sound, Ross Sea (de Jong et al., 2013). Based on our Fe 
concentration measurements, and considering that a strip of approximately 20 km wide first-
year fast ice along the ~ 1,200 km eastern shore of Prydz Bay (Ingrid Christensen to Queens 
Mary Coast) is formed every winter (Fraser et al., 2012),  0.6 ± 0.2 tons/day DFe is expected 
to be released on the east coast of Prydz Bay during the melting season. The transport of coastal 
ice floes into off-shore waters could represent, therefore, an important source of this essential 
element to Fe-depleted waters. Under favourable conditions of light and macronutrient 
availability, this “new” Fe input could potentially produce about 170 mgC m-2 day-1 of biomass 
(disregarding any regenerative DFe process associated with the microbial loop, recycling from 
higher trophic levels and/or other sources of DFe), which is comparable to the production 
estimated as 200 mgC m-2 day-1 for early December (Arrigo et al., 2008) for the whole of 
Antarctic shelf waters. Our estimate suggests that Fe does not limit primary production in the 
coastal areas of the South Indian sector of Antarctica.  
2.5 Conclusions 
Results from this study indicate that primary production in East Antarctic fast ice is not Fe-
limited during late spring/early summer. The contribution of ice-free land areas on the fast ice 
Fe pool is also highlighted. The magnitude of this Fe source will become more pronounced as 
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we expect ice-free areas to increase in Antarctica. A higher input of dust to the major system 
of polynyas in Prydz Bay via fast ice melting, and associated ocean physics and biological 
dynamics, could represent an important vector of potentially bioavailable Fe to Antarctic open 
waters. Foreseen changes in the prevailing precipitation regime towards higher snowfall in 
coastal East Antarctica are also expected to impact the biogeochemical and physical properties 
of the fast ice. This could also lead to a phenological mismatch between nutrient availability 
and ideal light conditions if the timing and duration of Fe delivery relative to the nutrient uptake 
capacity of algae communities are altered. For all that, the potential fertilization of the Southern 
Ocean via sea-ice melting should be directly impacted by changes in the coastal areas. Further 
studies are needed to assess the impact of enhanced lithogenic Fe input to Antarctic fast ice 
and beyond.  
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Figure S1. Air temperature and wind speed for the time series period (Davis station meteorological 
data, 2016). Note: Sampling days are indicated by the vertical bars in grey. Blizzard event between 
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● Primary production in East Antarctic fast and pack sea ice is not Fe-limited during 
summer. 
● Low nitrate and high exopolysaccharide concentrations suggest heterotrophic 
dominance in Antarctic summer sea ice. 
● Fe-rich platelet sea ice near the Moscow University Ice Shelf indicates an influence of 









Antarctic sea ice can incorporate high levels of iron (Fe) during its formation and has been 
suggested as an important source of this essential micronutrient to Southern Ocean surface 
waters during the melt season. Over the last decade, a limited number of studies have quantified 
the Fe pool in Antarctic sea ice, with a focus on late winter and spring. Here we study the 
distribution of operationally defined dissolved and particulate Fe from nine sites sampled 
between Wilkes Land and King George V Land during austral summer 2016/17. Results point 
towards a net heterotrophic sea-ice community, consistent with the observed nitrate limitation 
(<1 μM). We postulate that the recycling of the high particulate Fe pool in summer sea ice 
supplies sufficient (~3 nM) levels of dissolved Fe to sustain ice algal growth. The 
remineralization of particulate Fe is likely favoured by high concentrations of 
exopolysaccharides (113 to 16,290 μg xeq L-1) which can serve as a hotspot for bacterial 
activity. Finally, results indicate a potential relationship between glacial meltwater discharged 
from the Moscow University Ice Shelf and the occurrence of Fe-rich (~4.3 μM) platelet ice in 
its vicinity. As climate change is expected to result in enhanced Fe-rich glacial discharge and 
changes in summer sea-ice extent and quality, the processes influencing Fe distribution in sea 




Iron (Fe) plays a crucial role in microalgal physiology and can control their growth in the 
Southern Ocean, where Fe concentrations are naturally low. Antarctic sea ice can incorporate 
high levels of Fe during its formation triggering phytoplankton blooms at the sea-ice edge 
during the melt season. No studies to date have assessed sea-ice Fe distributions in East 
Antarctica during mid-to late summer. Here we discuss Fe distribution in parallel with key sea-
ice physical and biological parameters measured during an expedition to East Antarctica in 
summer 2016/17 to answer our central question: is Fe limiting sea-ice primary productivity 
during summer? Results suggest nitrate, rather than Fe is the key nutrient controlling sea-ice 
algal growth at this time of the year. We also found Fe-rich platelet ice incorporated underneath 
pack ice sampled near the Moscow University Ice Shelf which suggests the potential accretion 
of Fe-rich ice shelf waters under the sea ice. As climate change is expected to accelerate 
Antarctic ice shelf melting, a better understanding of how increased rates of glacial meltwater 




Keywords: Sea ice, iron, East Antarctica, platelet ice, summer. 
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3.1 Introduction  
Phytoplankton growth can be limited by the availability of the essential nutrient iron (Fe) (de 
Baar et al., 1990, 1995). The Southern Ocean (SO) is a classic example where high 
concentrations of macronutrients (nitrate, phosphate, and silicic acid) do not support the 
expected level of primary production due to low Fe concentrations. The Southern Ocean has 
therefore been designated as a High Nutrient Low Chlorophyll (HNLC) area (Martin, 1990). 
In this context, sea ice plays a pivotal role as a natural and biogeochemically active Fe reservoir 
due to the high levels of Fe and organic matter concentrated from seawater during its formation 
(Gradinger & Ikävalko, 1998; Janssens et al., 2016; Lannuzel et al., 2007; Lannuzel et al., 
2016b). As the sea ice begins to melt in spring, this Fe pool can sustain concentrated algal 
blooms at the retreating sea-ice edges and in opening polynyas, contributing to the spatial 
variability in Southern Ocean primary production (Arrigo 1998; Lancelot et al., 2009; Lannuzel 
et al., 2007, 2008; Massom & Stammerjohn, 2010; Sedwick et al., 1997). This process can 
alleviate Fe limitation at a critical time, when light availability and water stratification favour 
phytoplankton growth, making Antarctic sea ice an important natural Fe fertilizer in the SO 
(Tagliabue & Arrigo, 2006).  
The availability of light can co-limit (with Fe) sea-ice primary productivity for the vast majority 
of the year (Thomas & Dieckmann, 2010). The distribution of solar radiation has major impacts 
on sea-ice physical and biological processes (Arrigo et al., 2012). Snow thickness is usually 
the most important factor regulating the availability of light for ice algae because of its high 
light attenuation properties (Arrigo et al., 1998). However, snow metamorphosis during 
summer can reduce this attenuation (Arndt et al., 2017; Haas et al., 2001; Hancke et al., 2018; 
Tison et al., 2008). Within non-flooded areas, the melting coarse-grained summer snowpack 
has a lower albedo than the cold fine-grained snow, allowing more light to pass through the 
snow (Brandt et al., 2005; Zhou et al., 2007). More important, enhanced areas of surface 
flooding in Antarctic summer sea ice can significantly reduce light attenuation (Arndt et al., 
2017; Arrigo et al., 2012). On a larger scale, the common presence of features of higher light 
transmittance in summer sea ice, such as leads and cracks, should increase the lateral incidence 
of light (Katlein et al., 2015). Summer ice features associated with low salinity extremes, such 
as melt ponds, under-ice melt lenses and rotten ice, most likely select for microalgal species 
capable of tolerating these extremes as well (Torstensson et al., 2018). These observations 
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corroborate with a previous modelling study showing that nutrients rather than light or salinity, 
limit Antarctic sea-ice algae growth during summer (Saenz & Arrigo, 2014). 
A high percentage of sea-ice dissolved Fe (DFe, filtered through a 0.2 µm pore size membrane), 
our best empirical measurement of potentially bioavailable Fe (Morel et al., 2008), is lost to 
the seawater in a rapid pulse over a few days during spring (Duprat et al., 2019; Lannuzel et 
al., 2008). This early release is likely rapidly consumed by phytoplankton with very low DFe 
concentrations reported for seawater after the spring bloom (Bertrand et al., 2011; Sedwick et 
al., 2000, 2011). Sea-ice melt may provide an additional later pulse of Fe to surface waters in 
the particulate form (PFe, > 0.2 µm), as the flushing of this pool from the sea ice is initially 
limited by brine channel transport (Lannuzel et al., 2013; van der Merwe et al., 2011a).  
Studies conducted during the last two decades indicate that sea-ice DFe concentrations are 
relatively unaffected by the proximity to Fe sources (Lannuzel et al., 2016b and references 
therein). This apparent contradiction has been attributed to the fact that in the presence of 
saturated organic ligands, the dissolution equilibrium should impose a maximum threshold for 
DFe concentrations in sea ice. When all organic ligands are saturated, excess DFe precipitates 
into PFe. Much of East Antarctica’s free-floating pack ice is formed in leads and polynyas 
(Allison, 1989), and due to an increased distance to coastal sources, it generally carries a lower 
concentration of lithogenic PFe than land-fast sea ice (sea ice fastened to coastal features; 
Lannuzel et al., 2016b). The accumulation of PFe in pack ice can still occur, either by uptake 
and conversion of DFe (e.g. from the continental shelf or icebergs) into PFe, or via direct 
incorporation of biogenic PFe from highly productive shelf waters where it originated 
(Lannuzel et al., 2016a).  
In contrast to pack ice, fast ice can be affected by a greater input of Fe from lithogenic sources, 
such as coastal sediment (de Jong et al., 2012) and dust from ice-free continental areas (de Jong 
et al., 2013; Duprat et al., 2019). Less clear is the influence of subglacial meltwater on the fast-
ice Fe pool via incorporation of ice platelets at the bottom of sea ice. The growth of ice platelets 
has been observed below sea ice under the influence of ice-shelf meltwater (Langhorne et al., 
2015). There are several observations of platelet ice in the Ross and Weddell seas; otherwise, 
there are very few reports of platelet ice layers in East Antarctica (Langhorne et al., 2015). It 
is believed they are seeded by frazil crystals formed in supercooled ice shelf waters, although 
the processes behind the formation of these unique crystallographic structures are still poorly 
understood (Tison et al., 1998). The ice platelets can eventually be incorporated onto the base 
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of the ice shelf (marine ice) via buoyant accumulation (Oerter et al., 1992), or be carried out 
from the ice shelf cavity and deposited beneath neighbouring sea ice (sub-ice platelet layers) 
(Langhorne et al., 2015; Tison et al., 1998). Under sea ice, in-situ growth can continue, creating 
a porous and friable sub‐ice platelet layer from which the highest concentrations of sea-ice 
algae (up to 374 mg C L-1 and 6.5 mg Chla L-1) have been reported (Arrigo et al., 2010; 
Bombosch, 2013; Smetacek et al., 1992; van der Linden et al., 2020). The origin of marine ice 
Fe is often associated with highly reactive glacial flour produced from subglacial physical and 
chemical weathering (Wadham et al., 2010). The presence of buoyant frazil and ice platelets 
could facilitate the incorporation of sediment and biogenic material from the ocean into the 
marine ice layer (Treverrow et al., 2010). While platelet ice incorporation under ice shelves 
has been associated with higher concentrations of Fe (Herraiz-Borreguero et al., 2016), no link 
has yet been made for platelet ice incorporation under sea ice due to the paucity of observations 
and measurements.  
To date, most sea-ice surveys focused on investigating Fe distribution and biogeochemistry in 
late winter and spring (Lannuzel et al., 2016b). In this study, we report Fe concentrations 
obtained from between Wilkes Land and King George V Land coast (East Antarctica) and 
sampled during a marine science voyage carried out from December 2016 to January 2017. We 
aim to answer our central question: is sea-ice primary production Fe-limited in summer due to 
the advanced stage of brine and nutrient drainage? A further objective was to evaluate how the 
Fe biogeochemistry relates to macronutrients and other biological variables in summer sea ice, 
such as algae-produced exopolysaccharides (EPS). The final aim of this study was to 
investigate a potential link between glacial basal melt from ice shelves encountered during our 
expedition (e.g. Moscow University, Mertz and Ninnis) and the formation of Fe-rich platelet 
ice, as an important spatial determinant in sea-ice PFe distribution. Results from this study 
could guide studies on the potential impacts of future ice mass balance changes on local 
primary production, and carbon export of highly productive polynyas found downstream of the 
Dalton, Mertz and Ninnis ice shelves (Paolo et al., 2015; Rignot et al., 2019). 
3.2 Methods 
3.2.1 Sampling sites 
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Sea ice was sampled during an icebreaker RSV Aurora Australis voyage at nine different 
stations off the East Antarctic coast (Figure 3.1) during austral summer (December 2016 to 
January 2017). The mobility of the ice stations (e.g., fastened versus free-floating) was used as 
criteria to categorize the stations into fast and pack ice (see section 2.3.3.1). Casey1 and 2 were 
fast ice stations on first-year ice in O’Brien Bay near Casey Station (~5 km). Exposed rocky 
hills surrounded the site. Totten1 was sampled ~15 km from the Moscow University Ice Shelf 
and ~75 km from the Totten Ice Shelf. Pack ice stations were diverse: Casey3 and Totten2 
consisted of thick rafted ice with a very uneven surface, while SR3-5, Mertz1, 2 and 3 were 
relatively level ice floes. Mertz1, 2 and 3 stations were approximately 95, 1 and 75 km from 
the Mertz Glacier Tongue, respectively. Snow depths were variable, and most snow was old 
and compacted. Sampling sites were selected away and upwind from the research vessel or any 
other operations likely to contaminate trace metal and organic matter samples.  
 
 
Figure 3.1 Map with the locations and names of sea-ice stations off East Antarctica visited between 
19/12/2016 and 13/01/2017 during the RSV Aurora Australis Voyage 2. Sea-ice concentration averaged 
for the study period is shown by a gradient between blue (low) and white (high). Major ice shelves 
(Totten, Moscow University, Mertz and Ninnis) are also labelled. 
3.2.2 Cleaning procedures 
Plasticware used for sample collection (polypropylene (PP; Superlift®) melting containers) and 
storage (low-density polyethylene (LDPE; Nalgene®) sampling bottles) were kept in sealed 
Chapter 3 
 93 
plastic bags after being acid-cleaned according to GEOTRACES recommendations (Cutter et 
al., 2017). Firstly, new LDPE bottles were soaked in 2% (v:v) Decon90 baths for one week. 
Bottles were then thoroughly rinsed with ultra-high purity water (UHP water, Barnstead), filled 
with 6 M hydrochloric acid (HCl, 50% v:v reagent grade, Merck) and immersed in 2 M HCl 
(~20% v:v reagent grade, Merck) for one month. Bottles were then rinsed with UHP water, 
filled with 1 M distilled HCl (~10% v:v instrument quality, Seastar) and kept for one week on 
a hot plate (60 °C). Finally, bottles were rinsed three times with UHP water in a class-100 
laminar flow hood and stored triple bagged in plastic press seal bags until use. Between 
sampling days, plastic equipment (Teflon® filtration sets, plastic tubing and plastic scoops) 
used for collection and processing were rinsed with UHP water and soaked in an acid bath (10-
20% v:v HCl, according to Nalgene® recommendations for each material) and thoroughly 
rinsed again with UHP water before use. Finally, glassware used for organic carbon and 
nitrogen filtrations were soaked in a 2% (v:v) HCl solution (reagent grade, Merck), rinsed with 
UHP water, wrapped in aluminium foil and combusted at 450 °C for 4 hours. 
3.2.3 Sampling procedures 
During field sampling, trace metal clean protocols were followed, as described by Lannuzel et 
al. (2006) and van der Merwe et al. (2009). The snow was collected using an acid-cleaned 
polyethylene (PE) hand shovel and stored in a 3.8 L wide-mouth Nalgene® HDPE bottle. 
Separate cores from the same vicinity were collected for temperature/salinity, particulate 
organic matter (POM), chlorophyll-a (Chla), particulate exopolysaccharides (PEPS), 
macronutrient and Fe determinations. Ice cores were collected with an electric-powered, 
electro-polished stainless-steel corer of 0.14 m internal diameter (Lichtert Industrie, Belgium), 
previously shown appropriated for trace metal sampling (Lannuzel et al., 2006; van der Merwe 
et al., 2009). Ice cores were sectioned in the field using a medical-grade bone saw (Richards 
Analytical). Six or seven sections were obtained out of the entire core (from top, intermediate 
and bottom layers), 10-15 cm thick, in order to represent different depth horizons of the ice 
cores. Snow and sea-ice samples were melted at room temperature immediately after 
collection, filtered (for the dissolved fraction, see details in paragraph 2.4.2) and poured into 
125 mL Superlift® PP bottles, double bagged and stored at –20 °C until analysis. Brine was 
collected from ~1 m deep sack holes, while underlying seawater was collected through full-
ice-depth core holes, just below the ice (hereafter referred to as SW0m). Both brine and 
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seawater were collected using an acid-cleaned 0.5 L PFA bottle (Nalgene®) attached to an 
improvised 2 m long bamboo pole and transferred into acid-cleaned 1L LDPE bottles 
(Nalgene®).  
3.2.4 Sample processing and analytical methods 
3.2.4.1 Physical variables 
Sea ice temperatures were measured with a Testotherm720 thermometer (accuracy ± 0.1 °C) 
immediately after ice core retrieval from small holes drilled in the core at 0.1 m intervals. Bulk 
salinities of brine, seawater, melted snow and sea-ice sections were measured using a Guildline 
Autosal salinometer (Ocean Scientific International Ltd, United Kingdom; ± 0.001 PSU). The 
texture of each ice core was analysed by photographing vertical thin sections between cross-
polarizing filters, following the method of Langway (1958). The physical ice properties are 
discussed in more detail in a companion paper. Finally, a light sensor was deployed in the core 
hole to measure the luminous ice emittance (per square meter) at 0.1 m increments as an 
indication of the light intensity that passed through different depth horizons of the sea ice. 
3.2.4.2. Fe physical fractionation 
Dissolved and particulate Fe from snow, seawater, brine and melted sea-ice sections were 
obtained by filtration through 0.2 µm pore size 47 mm diameter polycarbonate (PC) membrane 
filters (Sterlitech) using Teflon® perfluoroalkoxy (PFA) filtration apparatus (Savillex, USA). 
A gentle vacuum (< 0.13 bar) was applied to avoid algal cell rupture during filtration. The 
dissolved fraction (< 0.2 µm, which includes the soluble (< 0.02 µm) and colloidal (0.02 – 0.2 
µm) fractions) was collected in LDPE bottles, acidified to pH 1.8 by adding ~1% (v:v) of 12 
M ultrapure HCl (Seastar Baseline, analytical grade), triple-bagged and stored at room 
temperature until analysis. Polycarbonate filters with the retained particulate fraction (> 0.2 
µm) were placed into acid-clean polystyrene Petri dishes, triple-bagged, and stored at -20 °C 
in the dark until further processing and analysis at the University of Tasmania (Australia).  
3.2.4.2.1 Dissolved Fe analysis 
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An automated off-line sample system (seaFAST-pico™, Elemental Scientific; Nobias Chelate-
PA1 resin) was used to pre-concentrate trace metals and remove sea-ice and seawater filtrate 
matrices from our samples according to the method described by Wuttig et al. (2019). 
Comprehensive method testing using a variety of internationally recognized community 
reference samples and oceanographic standards (Wuttig et al., 2019) as well as NASS-6 
verified method accuracy for Fe. A mean Fe value of 9.24 ± 0.24 nmol kg−1 (n=6) was measured 
for the NASS-6, in good agreement with the reported indicative value of 8.65 ± 0.81 nmol kg−1. 
Collected samples were concentrated either 10× (bottom sections of sea ice and brines) or 40× 
(snow, remaining sections of sea ice and seawater) depending on the expected Fe 
concentrations. Dissolved Fe concentrations were then determined using a Sector Field 
Inductively Coupled Plasma Mass Spectrometer (SF-ICP-MS, Element 2; Central Science 
Laboratory – CSL, University of Tasmania). Cleaning procedures, calibrations and quality 
control of the SF-ICP-MS results for the samples analysed in this study followed those 
described in Duprat et al. (2019). The average detection limit for DFe was calculated as 7.8 × 
10-4 ppb (0.014 nM; n = 15; 3× the standard deviation of the acidified internal blank). 
Concentrations reported here are all blank corrected. Finally, Fe* was calculated as a way to 
assess potential Fe deficiency relative to PO43-. Fe* was estimated by subtracting the biological 
contribution based on the Fe:PO43- assimilation ratio (0.47 mmol:mol), following Parekh et al. 
(2005). 
3.2.4.2.2 Particulate Fe 
Particulate Fe was quantified after complete filter digestion using a strong acid treatment 
(Bowie et al., 2010). First, a mixture of 250 µL 12 M HCl, 250 µL 16 M nitric acid (HNO3, 
SeaStar Baseline), and 500 µL 29 M hydrofluoric acid (Seastar Baseline, Choice Analytical) 
was added to each sample and blank filter and placed into a Teflon® PFA (perfluoroalkoxy) 
vial (Savillex, USA). Vials were heated to 120 °C for 12 h over a Teflon® coated hotplate (SCP 
Science) housed within a class-100 fume hood. Vials were then left open until complete 
evaporation of the acids. Next, 9.9 mL of ultrapure 10% (v:v) HNO3 was added to re-suspend 
the dried residues before the addition of 100 µL Indium solution (final concentration 87.1 nM) 
as an internal standard. Finally, an aliquot of 5 mL was transferred to PP tubes for Fe 
quantification using SF-ICP-MS following similar procedures as outlined in section 3.2.4.2.1. 
The detection limit for Fe was calculated as 3× the standard deviation of the digested acid filter 
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blank, determined as 8 × 10-4 ppb (0.14 nM). The theoretical biogenic fraction (PFebio) was 
calculated as the total PFe – lithogenic PFe (inferred by the Fe:Al ratio of 0.33; Taylor and 
McLennan, 1985). It is worth noting that Fe enrichment relatively to Al can occur via 
flocculation and increasing sorting of lithogenic material with distance from the coast 
(Markussen et al., 2016), therefore results should be interpreted with care. For the purpose of 
this work, we refer to biogenic Fe as any PFe form associated to biogenic pools (living, detrital, 
and authigenic) that are not refractory particles originated from terrestrial sources of rock, such 
as silicate minerals (lithogenic origin).  
3.2.4.3 Particulate organic matter  
Melted sea-ice and seawater samples for particulate organic matter determination were gently 
homogenized before filtration (0.14 to 0.6 L) on pre-combusted (450 °C, for 8 h) glass 
microfiber (GF/F) filters (0.7 µm nominal porosity, MGF Sartorius). Samples were dried 
overnight at 60 °C. Inorganic carbon contamination was removed from the filters with the 
addition of 10% (v:v) distilled HCl (80 µL) for 12 h inside a closed PCR well tray (Martin, 
1993). Samples were then packed in silver cups (Elemental Microanalysis, UK) and stored in 
a desiccator until analysis for elemental composition at the CSL. Particulate organic carbon 
(POC) and particulate organic nitrogen (PON) concentrations were determined by flash 
combustion and oxygen pyrolysis using a Thermo Finnigan EA 1112 Series Flash Elemental 
Analyzer (estimated precision ~1%). POC and PON detection limits were calculated as 3× the 
standard deviation of the procedure blanks, determined as 2.5 and 1.8 µM, respectively (n = 
6).  
3.2.4.4 Particulate Exopolysaccharides  
In aquatic systems, dissolved EPS are prone to coalesce into particulate form, also referred to 
particulate exopolysaccharides (PEPS). Sea-ice, brine and seawater PEPS concentrations were 
measured using the semi-quantitative colorimetric Alcian Blue (AB) assay (Passow & 
Alldredge, 1994) following van der Merwe et al. (2009). Calibration was achieved by 
measuring five different extracted solutions from filters previously treated with 0, 2.5, 5, 7.5 
and 10 mL of a 0.75 μg L-1 Xanthan gum solution, following the same staining protocol used 
for the sample filters. A linear regression (R2 = 0.92; n = 16) was calculated between 
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absorbance and the respective concentration of Xanthan gum. The detection limit (3× the 
standard deviation of the filter blank) was 28.6 μg Xanthan equivalent (xeq.) L-1 (n = 20).  
3.2.4.5 Chlorophyll-a and macronutrients 
Samples for Chla analysis were melted at room temperature in the dark (Rintala et al., 2014). 
Chlorophyll a was concentrated by filtering samples (0.09 to 0.7 L) through GF/F filters under 
low vacuum (< 0.13 bar) followed by extraction with 90% acetone (HPLC grade) for 12 to 24 
hours. Chlorophyll a concentrations were determined fluorometrically with a Turner Designs 
10AU fluorometer (in vitro detection limit 0.02 µg L−1). Fluorescence was measured at 750 nm 
before and after acidification with 0.1 M HCl, and phaeopigment-corrected Chla was 
calculated according to Arar and Collins (1997). Macronutrient samples were collected via 
filtration over 0.2 µm pore size filters (Acrodiscs) placed inside a filter holder and stored frozen 
(-20 °C) in 60 mL HDPE bottles until analysis in the laboratory (CSIRO, Hobart, Australia). 
Concentrations of nitrate + nitrite (NOx), nitrite (NO2-), ammonium (NH4+), phosphate (PO43-
) and (ortho)silicic acid (Si(OH)4) were determined using a segmented flow analyzer (SEAL 
Analytical Ltd AA3 HR Autoanalyzer) following standard colorimetric methods from Rees et 
al. (2018), and Kerouel and Aminot (1997) for NH4+. Salinity-normalized macronutrient 
concentrations (C*) were calculated to tease apart physical effects following the equation 
applied by Fripiat et al. (2017): C* = C . (Sw/S), where C is the measured nutrient concentration 
in the bulk sea ice, Sw is the salinity of seawater and S the corresponding measured salinity of 
in the bulk ice sample. 
3.2.5 Statistical Analysis 
Distributions of variables were tested from all stations and within both the pack and fast ice 
groups. First, the normality and the homogeneity of variance of each variable was tested using 
the Shapiro-Wilk test and Levene’s test, respectively. When the normality and homogeneity of 
variance could be verified, an ANOVA test was run. For non-normal distributed variables, the 
Kruskall-Wallis test was used. Multiple (paired) comparisons corrected by the Holm test were 
performed. Differences between fast and pack ice were also tested using either a Wilcoxon test 
or a t-test, depending on the distribution. Potential correlations between all physical and 
biogeochemical parameters were investigated using a Spearman correlation coefficient test due 
Chapter 3 
 98 
to the non-normality observed in most variables. For this test, ice texture proportions were 
calculated for each section using rankings 0 for non-columnar (granular and platelet) and 1 for 
columnar. All analyses were performed using the R programming language (version 3.3.1; R 
Core Team, 2013). 
3.3 Results 
3.3.1 Ice Physics 
All collected ice cores were relatively warm (> -2 °C). Porosities were almost always above 
the percolation threshold of 5% for columnar ice and often greater than 10%, which likely 
allowed brine movement through the more random brine inclusions of granular ice found in 
the ice cores. Brines were stratified, indicating exchange with the underlying seawater was 
limited to diffusive processes. The overall low brine salinities (0.9 – 32.2 PSU) were indicative 
of surface-melt input which was likely driving desalination. Of the textures sampled near ice 
shelves, columnar ice was often interspersed with layers of granular ice or platelet ice. Granular 
ice was found near the surface, especially as snow ice, while platelet ice was found at greater 
depths, beyond ~0.5 m (Totten and Mertz) and beyond ~1 m in one instance in front of the 
Mertz Glacier Tongue (Table 3.1). Measured illuminance reached optimum diatom growth 
values (1,000 lx; Azam and Singh, 2013) at the ice ~0.4 m depth. Average depth-adjusted 
illuminance varied from 2,730 lx at the ice surface to only 17 lx in basal ice.  
 
 






Location General floe description / texture  
  Latitude (°N) Longitude (°E)  
Casey 1 19/12/16 -66.3S 110.5E Fast ice / superimposed ice, columnar ice 
Casey 2 23/12/16 -66.3S 110.5E Fast ice / no texture data 
Casey 3 27/12/16 -65.3S 109.2E Thick rafted pack ice with gap / no texture data 
Totten 1 31/12/16 -66.8S 119.5E Ex-fast ice / superimposed ice, snow ice, layers of columnar and granular ice, platelet ice 
Totten 2 03/01/17 -63.2S 120.2E Thick rafted pack ice / no texture data 
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SR3-5 07/01/17 -63.4S 139.8E Rafted pack ice with gap / superimposed ice, snow ice, granular ice 
Mertz 1 09/01/17 -66.3S 145.8E 
Pack ice / superimposed ice, snow ice, layers of 
granular and columnar ice including a layer of 
platelet ice 
Mertz 2 11/01/17 -67.1S 145.5E Pack ice / superimposed ice, snow ice, granular ice, platelet ice 
Mertz 3 13/01/17 -67.2S 147.7E Surface flooded pack ice – no texture data 
 
3.3.2 Distribution of Fe 
Dissolved and particulate Fe concentrations measured in the snow, sea ice, brine and seawater 
are summarized in Table 3.2. A detailed description of values for each station and ice section 
is available via the link in section 3.6. The vertical DFe and PFe profiles for fast and pack ice 
show no clear pattern for most stations (Figure 3.2). Dissolved Fe was enriched in sea ice 
relative to concurrent seawater (SW0m) and to values found in winter seawater (Figure 3.3a; 
van der Merwe et al., 2009). Concentrations of PFe were up to an order of magnitude higher 
than the seawater below. The average concentrations of DFe and PFe for all pack and fast ice 
stations were 2.9 ± 1.9 nM and 323 ± 606 nM, respectively. The particulate fraction comprised 
98% of the total Fe pool with average PFe:PAl ratios of 0.6 for fast ice and 1.0 for pack ice. 
Lithogenic PFe inferred from the ice PFe:PAl ratios represented approximately 70% in fast ice 
and 40% in pack ice. Fast ice showed significantly higher concentrations of DFe and PFe (4.7 
± 2.3 nM; 665 ± 980 nM) compared to pack ice (2.0 ± 0.7; 81.7 ± 48.2; p < 0.01). Totten1 
showed significantly higher DFe and PFe (p < 0.01) than the other fast ice stations. Higher DFe 
and PFe were also found in fast ice (3.5 ± 3.4 nM; ± 99.6 ± 64.3 nM) compared to pack ice 





Figure 3.2 Vertical profiles of dissolved and particulate Fe for fast (a) and pack (b) ice stations. 



































































Table 3.2 Summary statistics for all biogeochemical parameters. 
 










Fast ice            
snow 5.7 ± 7.1 112 ± 43.8          
Sea ice            
Min. 0.7 28.5 0.1 <dl <dl <dl 0.1 18.6 1.4 8.8 195 
Max. 13.3 4,750 4.9 2.5 5.6 16.0 92.3 285 25.3 19.8 16,290 
Mean ± 
S.D.  
4.7 ± 2.3 665 ± 980 0.7 ± 0.5 0.4 ± 0.2 0.6 ± 0.5 0.6 ± 0.5 13.3 ± 29.6 79.3 ± 15.7 6.1 ± 0.2 13.9 ± 1.6 2,540 ± 
1,290 
SW0m 5.3 ± 3.4 30.1 ± 18.2 2.3 ± 2.1 0.3 ± 0.1 0.3 ± 0.2 16.9 ± 13.2 9.3 ± 12.9 36.6 ± 32.1 3.9 ± 2.2 8.8 ± 4.1 1,280 ± 
861 
Pack ice            
snow 0.8 ± 0.9 27.4 ± 22.1          
Sea ice            
Min. 0.6 8.7 <dl 0.1 <dl <dl 0.1 4.1 0.7 4.1 113 
Max. 7.3 552 9.5 1.1 2.0 15.1 67.7 270 31.2 26.6 10,440 
Mean ± 
S.D.  
2.0 ± 0.7 81.7 ± 48.2 1.3 ± 2.5 0.2 ± 0.1 0.4 ± 0.4 2.7 ± 2.3 13.4 ± 18.0 70.4 ± 33.0 5.8 ± 3.4 12.8 ± 4.5 1,750 ± 
720 
Deep brine 1.9 ± 0.4 37.9 ± 38.4 4.9 ± 6.1 0.2 ± 0.1 0.4 ± 0.4 21.7 ± 16.9 2.3 ± 2.6 29.0 ± 14.8 4.0 ± 2.6 7.8 ± 1.8 854 ± 442 
SW0m 5.7 ± 8.0 33.2 ± 56.5 15.6 ± 8.5 0.3 ± 0.2 1.1 ± 0.5 39.5 ± 15.4 2.9 ± 3.9 19.7 ± 14.6 2.7 ± 2.0 8.4 ± 6.4 377 ± 199 
All 
stations 
           
Snow 2.6 ± 4.6 63.5 ± 53.9          
Sea ice            
Chapter 3 
 102 
Min. 0.6 8.7 <dl <dl <dl <dl 0.1 4.1 0.7 5.9 113 
Max. 13.3 4,750 9.5 2.5 5.6 16.0 92.3 285 31.2 26.6 16,290 
Mean ± 
S.D.  
2.6 ± 4.6 2.6 ± 4.6 1.2 ± 2.4 0.3 ± 0.4 0.4 ± 0.9 2.7 ± 2.1 13.4 ± 22.1 73.3 ± 27.6 5.9 ± 2.7 13.2 ± 3.7 2,010 ± 
947 
SW0m 2.9 ± 1.9 2.9 ± 1.9 12.4 ± 8.6 0.4 ± 0.3 0.9 ± 0.5 31.0 ± 18.0 2.9 ± 2.8 20.6 ± 12.5 2.8 ± 1.7 7.9 ± 4.9 454 ± 223 
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3.3.3 Distribution of macronutrients 
Average concentrations of NOx (NO3- + NO2-), PO43-, Si(OH)4 and NH4+ for fast and pack ice 
are shown in Table 3.2. Overall, lower concentrations of all macronutrients were found in our 
summer ice samples compared to other seasons (Fripiat et al., 2017). Nitrate was depleted 
relative to the Redfield N:P ratio (Figure 3.3b; Redfield, 1963). With exception of station SR3-
5 and bottom ice data, Si(OH)4 followed the Redfield-Brzezinski ratio for PO43- relatively 
closely (Figure 3.3c; Brzezinski, 1985). Station SR3-5 presented significantly higher 
concentrations of PO43-, NO2- and NO3- (p < 0.01). An average 6.4 ± 3.0 μM NO3- was found 
at this station, an order of magnitude higher than the other stations. SR3-5 station displayed a 
seawater-filled gap halfway through the ice cover, which could have supplied macronutrients 
to the ice. 
 
Figure 3.3 Relationship between biogeochemical parameters within sea ice: a) DFe (nM) vs salinity. 
Dashed black line represents the theoretical dilution line (TDL) obtained from SW0m Fe and salinity 
values. For comparison, dash-dotted black line represents the theoretical dilution line obtained from 
winter-spring transition (0-1m) seawater from East Antarctic (van der Merwe et al., 2009), b) NOx (NO3- 
+ NO2-) vs PO43- (μM:μM), c) Si(OH)4 vs PO43- (μM:μM), d) POC vs PON (μM:μM). Dashed red (b 
























































































3.3.4 Distribution of Chla and POM 
POC, PON and PEPS showed different vertical distributions between fast and pack ice stations. 
L-shaped profiles characterized fast ice stations, while no clear vertical pattern was observed 
for pack ice (Figure 3.4). Although average Chla, POC, PON and PEPS did not statistically 
differ between pack and fast ice, higher bottom ice concentrations were found at the fast ice 
stations and higher surface-interior concentrations in pack ice stations (p < 0.05 for each 
parameter). Overall, PON and PEPS profiles matched the POC distribution for most stations. 
POC concentrations ranged from 4.1 µM in the ice surface layer of Mertz3 to 260 µM at the 
lowermost section of Totten1 (average 73.3 ± 27.6 µM for all stations). Exopolysaccharide 
concentrations in sea ice varied by three orders of magnitude, from 113 μg xeq. L -1 at the ice 
surface layer of Totten2 to 16,290 μg xeq L-1 at the bottom of Totten1. Average under-ice 
seawater POC and PEPS across all stations were 20.6 ± 12.5 µM and 454 ± 223 μg xeq L-1, 
respectively (Table 3.2).  
 
Figure 3.4 Vertical profiles of Chla, POC, PON, POC:PON and PEPS for fast (a) and pack (b) ice 
stations. 
 


































































































Correlations between measured parameters were tested for fast and pack ice stations separately, 
and for all stations together (Figure 3.5). Results highlight a strong and significant correlation 
between PFe and PAl for both pack (0.8; p < 0.01) and fast ice (0.9; p < 0.01). PEPS was 
correlated with POC, PON and Chla (ρ > 0.7; p < 0.01) in fast, pack and all sea-ice stations. 
There is also evidence of a moderate correlation of PEPS with salinity, ice porosity (0.5; 0.6; 
p < 0.05), macronutrients (0.5 to 0.8; p < 0.05) and NH4+ (0.5; p < 0.01) in fast ice, while PEPS 
was moderately correlated with PFe (0.5; p < 0.01) in pack ice. Chlorophyll a, POC and PON 
were all related to one or more types of macronutrient at different degrees (0.4 – 0.8; p < 0.05) 
in fast ice. When all stations were analysed together, salinity was moderately to strongly 
correlated (0.5 – 0.8; p < 0.05) with macronutrients but not with (dissolved and particulate) Fe. 
Finally, there is also a tendency of inverse correlation (not significant) of columnar ice with 
salinity, macronutrients and Fe for all ice stations.  
 
 
Figure 3.5 Spearman correlation matrix with all measured parameters for all (fast and pack ice) stations. 














































































































































































































































3.4.1 Summer sea ice supports heterotrophic activity 
Biomass and detritus are physically incorporated into newly forming sea ice and often show 
a uniform distribution over the ice thickness (Meiners et al., 2012; Thomas & Dieckmann, 
2010). Throughout spring and summer though, other processes, e.g. in-situ production and 
grazing, start shaping the vertical distribution of biomass. The relatively higher POC 
concentrations (both in fast and pack stations) observed in the top and intermediate ice layers 
compared to other seasons (Becquevort et al., 2009; Duprat et al., 2019; Janssens et al., 2016; 
Meiners et al., 2011; van der Merwe et al., 2011b) suggest the upper ice cover becomes a more 
suitable habitat for sea-ice algae as the brine network connectivity increases during spring and 
summer. Heterotrophic processes are favoured by the abundant presence of algal cell detritus 
and, potentially, EPS build up within these layers (Meiners, 2004, 2008). In the lowermost 
sections of the ice, we found C:N ratios (~12) deviating from the Redfield ratio of 6.6 for 
phytoplankton (Redfield et al., 1963) and approaching those usually associated with the 
presence of anaerobic microorganisms in the rest of the ice (Rysgaard & Glud, 2004). A shift 
from an autotrophic bottom ice in spring toward a hetero-, and mixotrophic dominant 
environment could be driven by a potential decline in primary productivity associated with 
reduced nutrient availability and/or increased internal self-shading by ice algae. A higher C:N 
ratio could also indicate a relative increase of carbon associated with PEPS, which is known to 
be highly enriched in carbon relative to nitrogen (26 mol:mol; Engel & Passow, 2001).  
Sea-ice concentrations of PEPS obtained here were consistently higher (average 946 µg xeq L-
1; 113 – 16,290 µg xeq L-1) than those reported by van de Merwe et al. (2009) in East Antarctic 
spring sea ice (average 493 µg xeq L-1; 2.84 – 2,690 µg xeq L-1) indicating an ongoing 
microbial productivity from spring through summer. PEPS production could have also been 
intensified as a response to nutrient stress or changes in temperature and salinity conditions 
(Ewert & Deming, 2013). The relationship between PEPS and Chla (ρ = 0.7; p <0.01) suggests 
autotrophic protists are involved in PEPS production. To date, it is still unknown to what extent 
sea-ice bacteria hydrolyse and degrade PEPS as a source of nutrition. Nevertheless, 
observations of sea-ice EPS-particles colonized by bacteria indicate this substrate is available 
for bacterial degradation (Meiners et al., 2004, 2008; Underwood et al., 2010). Therefore, PEPS 
could be used as a carbon source for bacteria, also facilitating grazing by heterotrophic and 
mixotrophic protists. Tightly coupled bacteria-algae interactions have been reported in sea-ice 
systems (Stewart & Fritsen, 2004) and the microbial loop is considered an important 
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mechanism for recycling of organic matter in sea ice (Martin et al., 2012, Meiners & Michel, 
2016). 
3.4.2. Nitrate rather than Fe limits primary production in late summer sea ice 
Results from previous modelling (Saenz & Arrigo, 2014) and field studies (Lim et al., 2019; 
McMinn et al., 2000; Petrou et al., 2010) suggest that nutrients rather than light limit Antarctic 
sea-ice algae growth for the vast majority of the sunlit season. Sea-ice algae are also adapted 
to survive in a broad range of salinities, with particular tolerance to the low summer-ice salinity 
levels (Arrigo et al., 1993; Bates & Cota, 1986; Kirst & Wiencke, 1995; Palmisano et al. 1987; 
Ralph et al., 2007, Ryan et al., 2004; Torstensson et al., 2018). Based on these findings, macro- 
or micronutrients rather than light or salinity controlled autotrophic activity during our summer 
study. 
Iron is considered the most limiting nutrient for phytoplankton growth in HNLC waters (Sunda, 
2012). Sea-ice DFe levels in our study (~3 nM) were above the limitation threshold (~0.2 nM) 
for SO phytoplankton growth (Timmermans et al., 2004). We use Fe* to evaluate the potential 
Fe deficiency relative to PO43- at this time of year. Scavenging of Fe commonly results in the 
decoupling of these elements (lower Fe relative to PO43-) in most of the ocean surface waters 
(Parekh et al., 2005), especially in the SO where input from aeolian deposition is low (Gao et 
al., 2001). In our study, Fe* was always positive, indicating DFe was present in sufficient 
concentrations for complete utilization of the available PO43-. It is worth considering that 
Fe:PO43- was estimated based on oceanic phytoplankton ratios and that it is plausible that sea-
ice diatoms could have evolved to less efficiently use Fe compared to pelagic assemblages, due 
to the abundance of this nutrient in sea ice relative to seawater (Lim et al., 2019). However, a 
Fe:PO43- uptake ratio an order of magnitude higher would be necessary to observe some degree 
of Fe depletion relative to PO43- in summer sea ice. A positive Fe* is also observed for the 
majority of the sea-ice samples if Fe* is calculated based on Fe:DIN (total dissolved inorganic 
nitrogen) uptake ratios for oceanic diatoms under both Fe limited and replete conditions (0.1 – 
3.2.1 mmol:mol; Price, 2005). Our positive Fe* values suggest organic ligands should be 
present in sea ice in excess relative to DFe concentrations, therefore preventing Fe 
precipitation. Fe does not seem to limit primary production in summer sea ice, although we 
cannot rule out a potential co-limitation imposed by other essential micronutrients such as 
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manganese and cobalt (Corami et al., 2005; Pausch et al., 2019; Koch & Trimborn, 2019; 
Schoffman et al., 2016),  
A concomitant drawdown of PO43- and Si(OH)4 following the Redfield-Brzezinski nutrient 
ratio (Figure 3.3c; Brzezinski, 1985) was observed for most data points. This suggests a large 
contribution of diatoms to sea-ice primary production. Median (and interquartile) normalized 
PO43- (2.0 µM (4.3 µM)) and Si(OH)4 (16.1 µM (24.1 µM)) concentrations show that the 
studied sea ice was enriched and partially-depleted respectively compared to seawater (0.9 µM 
(0.6 µM) and 44.5 µM (34.3 µM)) at this time of the year. However, following the 'Liebig's 
Law' (von Liebig, 1840) which states that growth should be limited by the most 
deficient nutrient, the fact that PO43- is above the Redfield N:P ratio (16; Figure 3.3b) indicates 
that DIN is the primary limiting nutrient in summer sea ice. Nitrate:PO43- depletion was 
previously observed under Fe replete conditions during mesoscale Fe-enrichment experiments 
in HNLC waters (Boyd et al. 2000). In the present study, bulk nitrate and nitrite (NOx) 
concentrations are close to exhaustion (< 0.2 µM) at Casey1, Totten 2, Mertz1, Mertz2 and 
Mertz3. Brine concentrations < 0.2 µM were also observed at Mertz2 and Mertz3. In the 
absence of other sources of nitrogen NH4+ would be readily consumed shortly after production. 
This could explain why our bulk NH4+ concentrations are amongst the lowest ever reported in 
Antarctic sea ice (Fripiat et al., 2017). The low concentrations of N-sources found in most ice 
floes could therefore impose severe limitations for sympagic algal growth. Enhanced ice 
melting during summer exacerbates stratification within the ice, preventing convection-driven 
brine exchanges and replenishment of nutrients from seawater. This scenario would render sea 
ice particularly dependent on recycling and/or seawater intrusion to alleviate macronutrient 
limitation at this time of the year. 
3.4.3 Sea-ice PFe as a capacitor for summer blooms 
Warmer air temperatures lead to increased connectivity of the brine network forming new 
pathways for brine, meltwater and associated nutrient drainage towards the seawater 
underneath. As a consequence, DFe concentrations in sea ice collected at this time of the year 
are expected to be low. However, the sea-ice DFe concentrations up to 13.3 nM (Figure 3.3a) 
were comparable to those reported from other seasons (Lannuzel et al., 2016b and references 
therein). Dissolved Fe is therefore likely continuously supplied to sea ice either as truly soluble 
Fe or in the colloidal form, despite brine drainage and ice decay. Many studies have shown the 
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importance of the PFe in replenishing the DFe pool via thermal, photochemical, biological and 
ligand-mediated dissolution (Borer et al., 2005; Ellwood et al., 2012; Kraemer, 2004; 
Sulzberger et al., 1989). These biogeochemical processes could have potentially maintained 
background levels of DFe (average 4.7 ± 3.8 nM and 2.0 ± 1.3 nM for fast and pack ice, 
respectively) at our sea ice stations. Particulate Fe is retained within sea ice longer than DFe 
because of the adsorption of particles to the walls of the brine channels, a process possibly 
facilitated by EPS (Becquevort et al., 2009; Lannuzel et al., 2016b; van der Merwe et al., 
2011a). EPS are particularly abundant in waters characterized by high chlorophyll 
concentrations and in the sea ice (Gledhill & Buck, 2012). Although they are predominantly 
composed of neutral sugars, EPS contain a significant fraction of uronic acids which are known 
to complex Fe (Mancuso Nichols et al., 2004).  
Relatively high concentrations of calculated PFebio (~50 nM) were observed for all pack ice 
stations over the entire ice thickness. Since Al is not appreciably accumulated into biogenic 
material, this result indicates the occurrence of biological assimilation and build-up of biogenic 
PFe at all ice depths. Based on the measurements of Fe concentration and sea-ice thickness 
from the sampled cores, if all of the sea ice represented by our samples melts by the end of 
austral summer (~60 days between the sampling period and the end of February),  an average 
of 4.6 ± 7.1 µmol m-2 d-1 PFe would be released from sea ice into East-Antarctic surface waters. 
This input could be particularly important during this time of the year due to the stronger ocean 
stratification driven by sea-ice melt and ocean surface warming, which hamper the mixing with 
Fe-rich deep waters. Pack ice formed in coastal polynyas is exposed to coastal Fe inputs and 
could therefore play a crucial role in delivering biologically processed (and potentially 
bioavailable) PFe to open waters. In this context, the contribution of summer sea ice as a source 
of (both biogenic and lithogenic) PFe cannot be neglected. The direct link between PFe 
solubility and phytoplankton growth however needs to be established, as well as the possible 
forward trajectories of ice floes into Fe-limited waters, before we will be able to adequately 
assess the effect of sea ice on the carbon cycle. 
3.4.4 Can sea ice enhance the fertilization potential from glacial Fe?  
Iron distribution in East Antarctic sea ice did not show significant spatial variation in this study, 
except for Totten1, with DFe and PFe concentrations significantly higher than those found 
elsewhere (average 7.0 nM and 1,8 nM, respectively). The level of PFe measured in bottom 
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sea ice at Totten1 (~5 μM) was only comparable to concentrations found in bottom sea ice 
collected in the Ross Sea (Grotti et al., 2001; Noble et al., 2013) and at a study site of very 
shallow (~20 m depth) bathymetry near Casey station (van der Merwe et al. , 2011b). The 
average molar PFe:PAl (0.3 ± 0.1) obtained from Totten1 ice is very close to values previously 
reported for the continental crust (0.3; Taylor and McLennan, 1985), suggesting a 
predominantly lithogenic source. Interestingly, this elemental ratio differs significantly (p < 
0.01) from the ones measured at Casey1 and Casey2 (0.5 ± 0.2), which were very close to the 
ratio reported for ocean floor sediments (0.48; Ravanelli, 1997). Therefore, while stations near 
Casey seem to be highly dependent on sediment resuspension as the main source of Fe, another 
source may prevail at Totten1. The low PFe content in the snow at Totten1 indicates 
atmospheric sources are unlikely. Iron must instead come from below, either by vertical or 
lateral transport. The most substantial geographical features in the proximity of Totten1 are the 
Totten Ice Shelf and the Moscow University Ice Shelf (MUIS). We therefore hypothesize the 
presence of basal meltwater from the adjacent MUIS and potentially meltwater runoff from the 
dominant Totten Ice Shelf could explain the high Fe content observed at this station.  
Seawater Fe levels have been previously reported to be significantly influenced by glacial 
melting around Antarctica (Death et al., 2014; Herraiz-Borreguero et al., 2016; Kim et al., 
2015; Person at al., 2019). This effect is attributed to the fact that glacial meltwater can supply 
intensively physically and chemically weathered Fe-rich labile sediments (Raiswell et al., 2018 
and references therein; van der Merwe et al., 2019). Glaciogenic minerals are also enriched in 
labile Fe2+ nano particulates compared to other lithogenic sources which are mostly comprised 
of less bioavailable Fe3+ oxyhydroxide and other Fe3+ chemical-weathered oxide products 
(Hawkings et al., 2018; Shoenfelt et al., 2017). While some of this glacial material can be 
incorporated into marine ice along with upwelling transport, a fraction can also be carried 
within the ice shelf meltwater plume and reach surface waters (Herraiz-Borreguero et al., 
2016). Layers of granular and platelet ice were evident at Totten1. Supercooled glacial 
meltwaters from the nearby MUIS could promote the formation of these ice structures. The 
abundant particles contained in these meltwaters could act as crystallization nuclei and 
therefore facilitate the formation of frazil ice. These crystals can then rise through the water 
column scavenging Fe-rich suspended sediments in shallow waters near the coast or at the 
grounding line of ice shelves to be incorporated into the sea ice, analogous to marine ice under 
an ice shelf (de Jong et al., 2013; Herraiz-Borreguero et al., 2016). The high proportion of 
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platelet ice within the non-columnar ice at Totten1 strengthens the link between Fe-rich glacial 
meltwater and the high concentration of PFe found at the bottom of Totten1.  
Within the sea ice, Fe can be converted into more readily available forms via abiotic 
(photoreduction and chemical complexation) and biotic (biological and enzymatic reduction at 
the cell surface) processes (Genovese et al., 2018; Kaplan & Ward 2013; Tagliabue et al., 
2009). Fe dissolution reactions could be augmented by freezing processes. Repetitive 
freeze/thaw cycles have been shown to continuously add DFe to the ice. Freezing concentrates 
water and solutes into microenvironments at grain boundaries (Jeong et al., 2012, 2020; Kim 
et al., 2010). However, Fe3+ addition to an enclosed system is limited by saturation, therefore 
Fe 3+ is prone to incorporation into the colloidal phase or adsorption onto ice crystals (Raiswell 
et al., 2018). When sea ice melts, the undersaturated meltwater can stimulate further Fe 
dissolution to occur. Layers of superimposed ice found in our ice-core samples suggest that 
melting and refreezing is common in summer sea ice in this area. Therefore, the interaction 
between glacially derived reactive sediments and sea ice could enhance productivity by 
releasing elevated concentrations of highly recycled and potentially bioavailable Fe during the 
melting season, when this stock becomes exhausted in surface waters (Sedwick & DiTullio, 
2000). Additional offshore transport of sea ice formed in coastal areas could further enhance 
the extent of Fe fertilization. 
Findings from Totten1 raise the question why similar Fe enrichment in sea ice was not observed 
at the other stations near ice shelves that we sampled along the East Antarctic coast. Mertz2 
station was relatively close (~1 km) to the Mertz glacier. Results from past oceanographic 
surveys could explain this difference. Waters on the continental shelf in East Antarctica are 
relatively cool, leading to low rates of basal melt from the ice shelves. The Totten and MUIS 
are exceptions to this general pattern as relatively warm modified Circumpolar Deep Water 
(mCDW) enters the cavity beneath the shelf through a deep trough, delivering sufficient heat 
to drive rapid basal melt (Rintoul et al., 2016). Silvano et al. (2017) showed that this mCDW 
is widespread over the continental shelf of the Sabrina Coast. Based on this oceanographic 
particularity, the Totten/MUIS glacial basin could offer the required hydrographic setting for 
the recurrent formation of Fe-rich platelet ice to potentially occur in large areas of the Sabrina 
Coast. While Fe supplied from these glaciers is not essential for the sea-ice communities, it 
might play an important role for phytoplankton communities when this sea ice melts along the 
Sabrina Coast.  
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Satellite Chla imagery from 2002-16 supports the link between the presence of platelet ice and 
surface water fertilization in the surroundings of Totten 1 (Figure 3.6). The summer 
climatology suggests that large phytoplankton biomass accumulates when the sea ice in front 
of the Totten Glacier breaks out. This contrasts with the rather low productivity of the 
neighbouring Dalton Polynya that is in front of the MUIS (Moreau et al., 2019). The outflow 
of glacial meltwater from the Totten Ice Shelf is located on the western side of the calving front 
(Silvano et al., 2018). The outflow of glacial meltwater from the MUIS is widespread along 
the coast and south of the Dalton polynya, with productivity highest in the latter region (Moreau 
et al., 2019). To our knowledge, these observations could be the first evidence of a potential 
fertilization impact from the combined presence of platelet ice and Fe-rich glacial meltwaters. 
The Totten glacier mass loss has increased through time from 5.7 Gt y-1 in 1979–2003 to 7.3 
Gt y-1 in 2003–2017; glaciers draining into MUIS show a slight net thinning in the last decades 
(Rignot et al., 2019). As climate change could drive the loss of up to 23% of the ice shelf 
volume in Antarctica by 2070 in a business-as-usual scenario (DeConto & Pollard, 2016; 
Rintoul et al., 2018), a better understanding of how marine and glacial sediment transport will 
be affected by increasing basal melting and grounding line retreat is needed. 
Figure 3.6 MODIS-Aqua summer chlorophyll-a concentrations (December – February climatology) 
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off the Sabrina Coast from 2002-16, also indicating the location of Totten1 station. White regions 
indicate areas where no data is available due to grounded iceberg and fast ice coverage.  
3.5 Conclusion  
The scarcity of inorganic nitrogen sources along with abundant particulate matter suggest the 
dominance of heterotrophic and potentially mixotrophic activity in sea ice during summer. At 
this time of the year, the sea ice can still retain a significant amount of Fe, both in the dissolved 
and, particularly, in the particulate fraction. Biotic and abiotic processes help sustain Fe supply 
during late summer. Projected changes in sea-ice thickness and snowfall could increase fluxes 
of macronutrients via surface flooding and brine percolation, alleviating nutrient depletion in 
summer, and potentially extending the period of habitability for sea-ice algae. Climate change 
might also impose indirect impacts on the sea-ice Fe distribution via reduction of glacial 
coverage in Antarctica. In East Antarctica, the Totten Ice Shelf is already experiencing rapid 
basal melt. A further increase in the supply of glacial meltwater to the East Antarctic shelf 
could potentially stimulate the formation of platelet ice layers in the surrounding sea ice. How 
phytoplankton will be affected by this reservoir of Fe will depend both on the timing of its 
release to surface waters and on the bioavailability of this source which is a function of the 
biological and physicochemical changes that Fe undergoes within the ice.  
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CHAPTER 4. DISTRIBUTION OF TRACE METALS IN ANTARCTIC SEA ICE 
FROM THREE DIFFERENT LOCATIONS AND SEASONS: FERTILIZATION, 











Iron (Fe) has been shown to limit growth of marine phytoplankton in the Southern Ocean, 
regulating productivity and species composition. While Fe does not seem to limit productivity 
in Antarctic sea ice, little is known about the potential impact of other trace metals (TM) in 
controlling sea-ice algal growth. Here we report on the distribution of dissolved and particulate 
cadmium (Cd), manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu) and zinc (Zn) 
concentrations in sea-ice cores collected during three Antarctic expeditions off East Antarctica 
spanning across the winter, spring and summer seasons. Results show bulk sea ice is generally 
enriched in particulate TM but shows similar dissolved TM concentrations relative to the 
underlying seawater. Our results point toward an environment controlled by a subtle balance 
between thermodynamics and biological processes, where TM do not appear to limit sea-ice 
algal growth. Contrary, high concentrations of dissolved Cu and Zn found in our sea ice 
samples raise concern on potential toxicity played by both elements if they are not appreciably 
chelated by natural ligands. Finally, Cu, Mn, Ni and Zn quotas of sea-ice assemblages (inferred 
by bulk particulate Me:P) were higher than values previously reported for pelagic diatoms. 
However, they were all consistently lower than the sea-ice Fe quotas calculated from the 
available literature, indicating a large accumulation of Fe relative to other TM in sea ice. We 
suggest a sea-ice algae generalized metal abundance ranking of Fe >>Zn ≈ Ni ≈ Cu ≈ Mn > Co 




● Concentrations of dissolved trace metals in sea ice are unlikely to impose a direct 
limitation to sea-ice algae growth year around. 
● High concentrations of dissolved Cu and Zn found in sea ice could be potentially toxic 
if not appreciably chelated by natural ligands. 
● A larger accumulation of Fe relative to other trace metals suggests Fe remains an 




In the Southern Ocean (SO), the isolation from land masses and associated dust supply leads 
to low iron (Fe) in surface waters. As a consequence, marine phytoplankton are unable to fully 
utilize the available macronutrients (Boyd et al., 2007). This is because Fe is required in many 
metabolic pathways in phytoplankton cells, such as carbon fixation and respiration (Schulz et 
al., 2007). The widespread Fe limitation leads to low chlorophyll concentrations, making the 
SO the largest high nutrient low chlorophyll (HNLC) area in the world (de Baar et al., 
2005; Martin, 1990). In this context, seasonal sea ice can store 1-2 orders of magnitude greater 
concentrations of Fe and chlorophyll a (Chla) relative to seawater (see review Lannuzel et al., 
2016b and references therein). In this highly biologically productive environment Fe does not 
seem to limit algal growth. However, little is known about the role of other trace metals (TMs) 
in controlling sea-ice algal productivity (Lannuzel et al., 2011). Trace metals such as zinc (Zn), 
cobalt (Co), copper (Cu) and manganese (Mn) can regulate productivity and species 
composition in pelagic systems because of large differences in metal requirements among 
species (Sunda, 2012).  
Zinc is widely used in eukaryotic cells and plays an important role in carbon assimilation during 
photosynthesis (Lane & Morel, 2000). It is further involved in cell pH regulation, silicification, 
dephosphorylation of organic compounds as well as DNA and RNA replication (Koch & 
Trimborn, 2019). Despite its crucial biochemical role, a physiological Zn requirement has been 
shown to be replaced by either Co or Cd in several species of centric marine diatoms and 
Phaeocystis antarctica (Price & Morel, 1990; Saito & Goepfert, 2008; Sunda & Huntsman, 
1995a). Cobalt is also an essential element for vitamin B12 production by bacteria and archaea, 
which phytoplankton depend on (Banerjee & Ragsdale, 2003). Vitamin B12 and Fe availability 
can simultaneously limit phytoplankton growth in coastal sea-ice edge communities during late 
austral summer (Bertrand et al., 2015). Manganese may be equally limiting in HNLC waters 
(Middag et al., 2013; Pausch et al., 2019). Manganese is required in the photosystem II and to 
neutralize reactive oxygen species (ROS) as part of the antioxidant enzyme superoxide-
dismutase (SOD; Twining et al., 2004; Wolfe-Simon et al., 2005). Enhanced production of 
ROS by diatoms has been observed in Fe-limited environments, leading to increased oxidative 
stress and higher Mn to Fe ratios in particulate matter compared to Fe-replete waters (Peers & 
Price, 2004). Copper is used in both photosynthetic and respiratory electron transport chains 
(Twining & Baines, 2013). It is also present as SOD and plays a part in cellular Fe uptake 
(Maldonado et al., 2006). Whilst beneficial when found in trace concentrations, high 
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concentrations of free Cu and Zn ions can become toxic for some algae (Bruland, 1980; Sunda, 
2012; Yang et al., 2019). 
 To date, the only established role of nickel (Ni) in eukaryotes is as a constituent of 
metalloenzyme urease, which is responsible for the breakdown of urea (Twining & Baines, 
2013). However, a Ni-containing form of superoxide dismutase (Ni-SOD), similar to those 
found in prokaryotes, has been observed in some oceanic diatoms (Cuvelier et al., 2010). 
Nickel was also found to be associated to diatoms frustules, although the biological explanation 
for this association remains unknown (Twining et al., 2012). Trace metals are constituents of 
many other metalloproteins and therefore likely to be involved in other biological functions yet 
to be discovered.  Regardless of their specific roles, microalgae cellular uptake and TM quota 
are determined by complex and sometimes competing mechanisms (Sunda, 2012). 
Physiological limitation by one metal can reduce the quotas of others, which can also be 
controlled by the substitution of one metal by another in some phytoplankton species, as 
observed for Zn, Co and Cd (Koch & Trimborn, 2019). These intricate relationships are further 
complicated by the different affinity TMs have with organic ligands. Ligands can control the 
concentration of TM hydrate ions (TM′), hence their bioavailability (Sunda, 2012).  
During the last decades, advances in clean sampling and analytical techniques have increased 
the wealth of data used to investigate the biogeochemical cycling of TMs in seawater. 
However, TM data from Antarctic sea-ice environments remain scarce, in particular relative to 
the vast area that sea ice seasonally covers and the recognition of sea ice as an ocean fertilizer. 
Only a few studies have reported TMs, other than Fe, in Antarctic pack ice (Lannuzel et al., 
2011) and fast ice (Grotti et al., 2001, 2005; Lannuzel et al., 2011; Noble et al., 2013), and are 
limited to spring-time observations. Lannuzel et al. (2011) showed sea ice was not enriched in 
dissolved TMs compared to Antarctic seawater in late winter/early spring. However, 
particulate TMs were one to two orders of magnitude higher relative to seawater collected 
below the ice (0 – 10 m; Lannuzel et al., 2011). In the Ross Sea, particulate Mn (PMn), Co 
(PCo) and Cu (PCu) concentrations and speciation patterns indicating TM incorporation into 
sea ice was driven by resuspension of sediments, followed by release during melting as the 
main process affecting their distribution in coastal waters (Frache et al., 2001; Grotti et al., 
2001; 2005). On the other hand, Noble et al. (2013) found elevated particulate TM:Aluminium 
ratios in basal ice in comparison to the underlying sediments, suggesting that bioaccumulation 
is also an important source of PMn and PCo. In this work, we investigate and report the 
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distribution of dissolved and particulate Cd, Mn, Co, Ni, Cu and Zn obtained from three 
Antarctic sea-ice sampling campaigns conducted off East Antarctica between 2012 and 2017. 
Particulate Al (PAl) was also measured as a tracer of lithogenic input (Taylor & McLennan, 
1985). Data were used to identify key drivers of the spatial and temporal distribution of TMs 
in sea ice and to answer our main question: can TMs other than Fe control algal productivity 
in sea ice? 
4.2 Methods 
4.2.1 Sampling sites 
Sea-ice cores were collected off the East Antarctic coast during three field campaigns (Figure 
4.1): the Sea Ice Physics and Ecosystem eXperiment-2 (SIPEX-2; conducted during the austral 
winter/spring 2012 transition; Meiners et al., 2016), the Davis time series (conducted in late 
spring 2015; Duprat et al., 2019), and AAV2 (carried-out in summer 2016/2017; Duprat et al., 
2020). Ice cores for SIPEX-2 were collected at six different locations within first-year pack ice 
(64–65.1° S/116–121.1° E) between Sept 26th and Nov 10th, 2012. Ice cores for Davis were 
collected on six different dates (between Nov 16th and Dec 2nd, 2015) at a single site located 
approximately 2 km north of Davis Station (68.5° S /77.9° E) in an area of undeformed fast ice 
(maximum water depth of 20 m). Ice cores from AAV2 were collected at nine different sites 
(3 fast ice and 6 pack ice stations) between Wilkes Land and King George V Land, during the 
austral summer 2016/17 (63.2 – 67.2° S /110.5 – 147.7° E). Brine and seawater samples were 
also collected during the Davis and AAV2 sea-ice campaigns. Sampling sites were selected 
away and upwind from the study vessel (SIPEX-2 and AAV2) and research station (Davis). 
The sampling sites were off-limits to unauthorized personnel and any operations likely to 
contaminate TM and organic matter samples. Additional information about the sampling sites 




Figure 4.1 Map showing the locations of sea-ice cores sampled off the East Antarctic coast. Squares 
and circles represent fast ice and pack ice stations, respectively. Sea ice mean minimum (1st March) and 
maximum extent (30th September, ≥ 15% ice cover; Spreen et al., 2008) are represented by the white 
and light blue shades, respectively.  
4.2.2 Cleaning and sampling procedures 
Cleaning and sampling procedures were carried out following the protocols described in detail 
in Duprat et al. (2019), Duprat et al. (2020) and Lannuzel et al. (2016a). Plasticware was acid-
cleaned according to GEOTRACES recommendations (Cutter et al., 2017). New Low-Density 
Polyethylene (LDPE) sampling bottles were immersed in 2% (v:v) Decon90 baths for one 
week. Bottles were then thoroughly rinsed with ultra-high purity water (UHP water, 
Barnstead), filled with 6 M hydrochloric acid (HCl, 50% v:v reagent grade, Merck) and left to 
soak in a 2 M (20% v:v reagent grade, Merck) HCl bath for a month. Next, bottles were rinsed 
with UHP water again and filled with 1 M distilled HCl (10% v:v instrument quality, Seastar) 
for a week on a hot plate (60 °C). Lastly, bottles were thoroughly rinsed (3-5 times) with UHP 
water in a class-100 laminar flow hood and stored triple bagged in plastic press seal bags until 
use.  
In the field, researchers wore cleanroom garments (Tyvek overalls, overshoes and polyethylene 
gloves) over their warm clothing. Sampling and processing for TM analysis followed protocols 
described by Lannuzel et al. (2006) and van der Merwe et al. (2009). Snow was collected using 
Chapter 4 
 129 
an acid-cleaned polyethylene (PE) hand shovel and stored in wide-mouth Nalgene® PE bottles. 
Ice cores were collected with an electric-powered, electropolished stainless steel corer (0.14 m 
internal diameter; Lichtert Industrie, Belgium). Previous work has demonstrated that the coring 
strategy is fit for trace metal work (Lannuzel et al., 2006; Lannuzel et al., 2011; van der Merwe 
et al., 2009). After coring, ice cores were immediately sectioned using a medical-grade bone 
saw (Richards Analytical) into six to seven discrete sections over the length of the core (10-15 
cm from top, intermediate and bottom layers), and placed into individual acid cleaned 
polyethylene (PE) containers. After melting, snow and sea-ice samples were filtered for 
analysis of dissolved and particulate fractions (see paragraph 4.2.4.2). All plastic equipment 
(Teflon® filtration sets, plastic tubing, plastic scoops) used for sample collection and 
processing was rinsed with UHP water and immersed in an 10-20% (v:v;) HCl acid bath 
between samples (following recommendations for each material), and thoroughly rinsed again 
with UHP water before use. The saw, ice corer and shovel were thoroughly rinsed with UHP 
water after every sampling day, dried under a laminar flow bench and stored in triple plastic 
bags until next use. Brine and seawater were collected during the Davis and AAV2 studies 
only. Brine was collected by allowing it to drain and fill a sack hole (Miller et al., 2015), while 
seawater was collected just below the ice (SW0m), both using acid-clean C-flex tubing 
connected to a peristaltic pump. Samples were stored in acid-cleaned LDPE Nalgene® bottles, 
avoiding light exposure as much as possible until further processing. 
4.2.3 Sample processing and analytical methods 
4.2.3.1. Physical fractionation 
Snow, seawater, brine and melted sea-ice sections were filtered under gentle vacuum (<0.13 
bar) through 0.2 µm pore size polycarbonate (PC) membrane filters (Sterlitech, 47 mm 
diameter) using a Teflon® perfluoroalkoxy (PFA) filtration apparatus (Savillex, USA) to obtain 
the particulate (> 0.2 μm) and dissolved (< 0.2 μm) metal fractions. The dissolved fraction was 
collected in 125 ml LDPE bottles and acidified to pH 1.8 (~1% v:v of 12 M ultrapure HCl, 
Seastar Baseline, analytical grade) before triple-bagging and storage at room temperature until 
analysis. Polycarbonate filters retaining the particulate material were placed into acid-clean 
polystyrene Petri dishes, triple-bagged, and stored frozen (–20 °C) in the dark until further 
processing and analysis.  
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4.2.3.1.1 Dissolved TM analysis 
Collected samples for Davis and AAV2 were concentrated 10×, 20× or 40× (depending on the 
expected analyte concentrations) using an automated off-line sample pre-concentration system 
(seaFAST-pico™, Elemental Scientific; Nobias Chelate-PA1 resin) according to the method 
described by Wuttig et al. (2019). The system was proven effective and reliable for the 
determination of the range of trace elements and salinities encountered in the samples reported 
here. The method’s short- and long-term accuracy was verified through comprehensive testing 
using a variety of standard oceanographic reference samples over four years (2015 - 2018), as 
discussed in Wuttig et al. (2019). Dissolved TM concentrations were then determined using a 
Sector Field Inductively Coupled Plasma Mass Spectrometer (SF-ICP-MS, Element 2). 
SIPEX-2 samples were analysed direct using SF-ICP-MS without any offline preconcentration 
steps due to the higher concentration of dissolved metals expected in these early-season 
samples (Lannuzel et al., 2016a). Considering the SF-ICP-MS system, isotopes of interest were 
measured in both “low” and “medium” spectral resolution modes, as applicable. Cleaning 
procedures, calibrations and quality control of the SF-ICP-MS results followed those described 
in Duprat et al. (2019) and Wuttig et al. (2019). Daily instrument drift and performance were 
monitored using standard quality control samples. The average blank concentrations and 
calculated detection limits (3× the standard deviation of the acidified internal blank) for Cd, 
Co, Cu, Mn, Ni, and Zn are shown in Table 4.1. Final concentrations reported here are all blank 
corrected.  
Table 4.1 SF-ICP-MS results for ultrapure 10% (v:v) HNO3 rinse solution (SIPEX-2) and for Seafast 
MQ blank solutions (Davis and AAV2). The detection limit (DL) is three times the standard deviation 
(SD) of averaged rinses / blanks. Seafast pre-concentration factors (x) are also indicated.  












10% HNO3 rinse solution (SIPEX-2)      
Average (n = 10) 0.020 0.143 0.189 0.073 0.204 0.425 
SD  0.011 0.357 0.189 0.182 0.222 0.228 
DL  0.033 0.534 0.579 0.563 0.648 0.666 
Seafast MQ blank 10x (Davis)    
Average (n = 9) 0.002 0.004 0.040 0.006 0.079 0.088 
SD  0.001 0.002 0.012 0.006 0.045 0.054 
DL  0.004 0.006 0.037 0.018 0.135 0.162 
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Seafast MQ blank 40x (Davis)    
Average (n = 6) <dl <dl 0.008 0.001 0.017 0.017 
SD  <dl 0.001 0.002 0.001 0.008 0.006 
DL  0.001 0.002 0.006 0.003 0.023 0.018 
Seafast MQ blank 20x (AAV2)    
Average (n = 3) <dl 0.003 0.009 0.001 0.163 0.047 
SD  <dl 0.001 0.005 0.001 0.031 0.032 
DL  <dl 0.004 0.014 0.002 0.093 0.097 
Seafast MQ blank 40x (AAV2)     
Average (n = 5) 0.001 0.082 0.127 0.001 0.010 0.001 
SD  <dl 0.013 0.037 <dl 0.007 <dl 
DL  0.001 0.039 0.111 0.001 0.020 0.001 
 
 
As described in section 4.2.3.1, the method used to solubilize metal-associated colloidal matter 
and metal-organic complexes to the free inorganic form (before the determination of total 
dissolved metal using the cation exchange resin) was done through sample acidification. 
Nonetheless, it should be noted that systematic assessments (Milne et al., 2010; Saito & 
Moffett, 2002; Shelley et al., 2010; Vega & van den Berg, 1997; Wuttig et al., 2019) suggest 
that a partial amount of Co (and to a lesser extent Cu) remains very strongly bound to either 
dissolved or colloidal organic matter and can resist the acid-induced solubilization. Therefore, 
concentrations reported here for “dissolved Cu” and particularly “dissolved Co” should better 
reflect the “labile fraction”, rather than the “total dissolved fraction”. The absence of any 
further sample processing to ensure a complete metal-organic complexes dissociation (such as 
the use of an additional pre-treatment UV irradiation step) could therefore underestimate the 
total dissolved fraction concentration (15 - 50% for Co; Milne et al., 2010; Rapp et al., 2017; 
Wuttig et al., 2019). However, this effect is also expected to be minimized in our samples due 
to the commonly lower concentrations of this element in surface waters compared to deep 
waters (Milne et al., 2010). 
 
 Finally, following Gradinger & Ikävalko (1998) TM data were normalized to sea-ice bulk 
salinity and compared to sea water concentrations using an enrichment index (EI) approach, 
calculated as:   
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EI = ([TM]ice / [Sal]ice) x ([Sal]sw / [TM]sw)                   Eqn 1 
where [Sal]sw and [Sal]ice are the salinity of the underlying seawater and the bulk salinity of the 
ice respectively, whilst [TM]ice is the concentration of the dissolved metal in the ice and [TM]sw 
is the concentration of the dissolved metal in the underlying seawater. Values of 1, < 1 or > 1 
will correspond to conservative, depleted or enriched as compared to bulk salinity, 
respectively. 
4.2.3.1.2 Particulate TM 
A strong acid treatment was applied to the filters to ensure the complete digestion of most 
refractory particles (Bowie et al., 2010). First, a mixture of acids (750 µL of 12 M HCl, 250 
µL of 16 M HNO3, and 250 µL of 29 M HF, all ultrapure Seastar Baseline®, Choice Analytical) 
was added to each sample and blank filter and placed into a Teflon® PFA (perfluoroalkoxy) 
vial (Savillex, USA). Vials were capped and heated at 120 °C for 12 h over a Teflon® coated 
hotplate (SCP Science) under a class-100 fume hood, followed by dry evaporation of the acids 
in opened vials at 120 °C overnight. The dry residues were then re-suspended in 9.9 mL 
ultrapure 10% (v:v) HNO3 (Seastar Baseline®) and spiked with 100 µL Indium commercial 
solution (final concentration 87.1 nM) as an internal standard. Finally, an aliquot of 5 mL was 
transferred to acid-cleaned polypropylene tubes for metal quantification using SF-ICP-MS 
following procedures outlined in section 4.2.4.2.1. The detection limit (DL) for each metal was 
calculated as 3× the standard deviation of the digested acid filter blank (Table 4.2). Particulate 
inventories (μmol.m-2) for each TM were determined by multiplying the concentration of each 
ice core section (assuming seawater density @ 1 g/cm3) with the section thickness and summing 
them. For this purpose, linear interpolations were applied to core sections where concentrations 
were not measured.  
Table 4.2 SF-ICP-MS results (in nM) for acid digested filter blanks (0.25 ml HNO3 + 0.25 ml HF + 
0.75 ml HCl). The detection limit (DL) is 3 times the standard deviation of the procedural blank.  













Digested filter blanks (SIPEX-2)   
Average  1.382 0.001 0.003 0.03 0.013 0.058 1.097 
Chapter 4 
 133 
SD  0.606 0.001 0.001 0.01 0.002 0.020 0.476 
DL  1.818 0.002 0.003 0.03 0.006 0.059 1.427 
Digested filter blanks (Davis and AAV2)* 
Average  0.963 <dl 0.001 0.011 0.004 0.016 0.700 
SD  0.238 <dl <dl 0.005 0.001 0.003 0.457 
DL  0.713 <dl 0.001 0.014 0.003 0.008 1.370 
*Samples for Davis and AAV2 were processed and analysed together. 
4.2.3.2 Physico-chemical and biological parameters 
Standard physico-chemical and biological parameters such as sea-ice and snow thicknesses, in 
situ ice temperatures, salinities, chlorophyll-a (Chla), macronutrient (nitrate (NO3-), nitrite 
(NO2-), phosphate (PO43-), silicic acid (Si(OH)4) and ammonium (NH4+)) and particulate 
organic carbon and nitrogen (POC and PON) concentrations were also determined in each 
sample, following the methods described in Duprat et al. (2020).  
4.2.4 Statistical Analysis 
Non-parametric Kruskall-Wallis and Mann-Whitney tests were performed in three groups 
(SIPEX-2, Davis and AAV2) to test for temporal variability. For this purpose, ice section 
values within each group were treated as independent. The Mann-Whitney test was also used 
to verify differences between particulate TM:Al ratios from pack and fast ice and TM quotas 
from late winter/spring and summer ice. Finally, a one sample t-test (assuming unequal 
variance) was used to check if our quotas differ from the literature mean. A generalized mixed 
model (gamma distribution) was used to test the spatial (two groups: fast ice and pack ice) 
variation considering the dependence between measurements at different depths in the same 
core. This choice was based on the different vertical distributions of TMs observed in pack ice 
and fast ice. The Spearman correlation coefficient test was used to investigate potential 
correlations between all physical and biogeochemical parameters due to the non-normality 
observed in most variables. All analyses were performed using the R programming language 




4.3.1 Dissolved metal distribution 
Summary statistics for salinity, macronutrients and Chla are shown in Figure 4.2. Median and 
range concentrations in snow (n = 14), pack ice (n = 74), fast ice (n = 38), brine (n = 10) and 
seawater (n = 14) are summarized in Table 4.3. The dissolved fraction contributed 92% (Cd), 
24% (Co), 75% (Cu), 77% (Mn), 85% (Ni) and 82% (Zn) to the total (dissolved + particulate) 
TM pools, respectively. The notable lover dissolved-to-total ratio observed for Co could have 
resulted from a potential underestimation of the total dissolved Co, as considered in the method 
section 4.2.3.1.1. Dissolved TM concentrations were enriched relative to sea water below 
(Tables 4.4). Dissolved TM concentrations in snow were low compared to sea ice and seawater 
(Table 4.3). Higher DMn and DCo (p < 0.01) and lower DNi and DZn (p < 0.05) were found 
in fast ice compared to pack ice, albeit concentrations for both types of ice were within the 
same order of magnitude. Vertical profiles of dissolved TM resemble an L-shaped vertical 







Figure 4.2 Summary statistics for salinity (A), phosphate (B), silicic acid (C), nitrate (D), ammonium 
(E), chlorophyll a (F) and POC (G) for the three sampling campaigns obtained from bulk sea ice. 
SIPEX-2 samples were collected in winter/early spring, Davis in late spring and AAV2 in summer. The 
box represents the inter-quartile range where 50% of the values lies. The median is shown by the line 
that divides the box into two parts. The upper and lower whiskers show values outside the middle 50% 
with limits representing the maximum and minimum values without outliers
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Table 4.3 Median and range of dissolved (<0.2 μm) TMs for snow, pack ice, fast ice, brine and seawater collected below ice (nM) in East Antarctica. Median 
values for each expedition (season) are also reported.  
Dissolved 
(<0.2 μm) Cd (nM) Co (nM) Cu (nM) Mn (nM) Ni (nM) Zn (nM) 




<0.01 – 0.05 
0.04 
 0.01 – 0.53  
0.37 
 0.07 – 2.77 
0.35  
0.08 – 31.0 
0.15 
 0.04 – 1.65 
4.13 
 1.66 – 15.2 




0.18 – 1.57 <dl 
5.55  
0.32 – 26.5  
1.46 
 0.47 – 8.70 
12.4  
2.31 – 533 
63.7  
14.1 – 543 




0.07 – 3.72 
0.06  




0.58 – 23.1 
1.70  
0.43 – 17.3 
40.2  
13.6 – 97.6 




0.01 – 2.61 
0.03  




0.31 – 13.4 
4.29  
1.33 – 119 
18.0  
2.34 – 79.0 




0.04 – 2.61 
0.03 




0.47 – 13.4 
6.24 
 0.46 – (533) 
34.4  
2.34 – 543 




0.04 – 3.72 
0.05  
0.01 – 0.42 
1.94  
0.66 – 19.5 
1.58  
0.31 – 30.0 
1.96  
0.43 – 119 
33.5 
 2.94 – 98.6 




 0.05 – 1.91 
0.11  
0.01 – 2.89 
3.26  
1.07 – 18.8 
1.42  
0.64 – 4.49 
14.9  
11.1 – 17.9 
7.92  
1.56 – 65.7 




0.23 – 2.06 
0.06 
 0.02 – 0.20 
2.01  
1.34 – 4.95 
2.22  
0.74 – 13.0 
6.25 
 3.13 – 7.12 
12.0  
3.78 – 40.0 
Chapter 4 
 138 
Antarctic seawater  
(south of the Polar Front) 
    
Weddell/Scotia confluence 
(0–100 m) a 
0.29 – 0.76  1.64 – 10.2    
Weddell Sea (0–100 m) b 0.46 – 0.71 0.01  –  0.05 1.65 – 3.35 0.15 – 1.24 4.75 – 7.24 1.82 – 9.62 
Atlantic sector (40–100 m) c 0.15 – 0.90      
Atlantic sector (40–100 m) d   0.95 – 6.66  3.70 – 6.90 1.70 – 10.8 
Atlantic sector (0–300m) e 0.17 – 0.95  1.53 – 6.44  3.07 – 10.4 1.38 – 14.0 
Atlantic sector (0–100 m) f  <0.01 – 0.12     
Atlantic sector (0–100m) g ~0.60 – 0.80  ~1.00 – 1.60 ~0.30 – 0.60   
Ross Sea (0–375 m) h 0.04 – 0.73 <0.01 – 0.04 1.23 – 2.16  4.78 – 6.88 0.24 – 5.17 
Ross Sea (0–380 m) i 0.08 – 0.99  0.90 – 3.75    
Ross Sea (0–380 m) j   0.50 – 11.6 0.01 – 6.60   
Ross Sea (0–100 m) k 0.34 – 0.86  0.43 – 3.30 0.33 – 1.20  2.20 – 8.20 
Ross Sea (0–100 m) l      0.28 – 5.58 
Australian sector (0–100 m) 
m 
   ~ 0.1   
Australian sector (0–100 m) n   1.04 – 2.96  2.20 – 7.90  
Australian sector (40 m), 
SOIREE o ** 
0.25 – 0.27  1.20 – 1.40  6.20 – 6.30 2.30 – 2.4 
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Pacific sector (0–100 m) p ~0.20 – 0.40 ~ 0.02 – 0.04 ~ 0.80– 1.00  ~ 4.00 – 5.00 ~ 0.30 – 0.70 
Pacific and Indian sector (0-
100 m) q 
 
~0.20 – 0.70  ~1.00 – 2.00  ~5.50 – 6.50 ~1.00 – 4.00 
* Concentration of dissolved Co below detection limit for SIPEX-2. 
**Concentrations measured outside the SOIREE patch.  
a)  Nolting et al., 1991  
b) Westerlund & Ohman, 1991a, 1991b  
c) Loscher et al., 1998  
d) Löscher, 1999  
e) Nolting & de Baar, 1994 
f) Ellwood et al., 2005 
g) Boye et al., 2012 
h) Fitzwater et al., 2000  
i) Frache et al., 2001  
j) Grotti et al., 2001 
k) Corami et al., 2005  
l) Coale et al., 2005  
m) Sedwick et al., 1997  
n) Lai et al., 2008 
o) Frew et al., 2001  
p) Elwood, 2008  




Figure 4.3 Vertical profile of dissolved and particulate TMs composed from the median concentration 
throughout sections of all pack and fast ice stations sampled in SIPEX-2, Davis and AAV2.  
 
 
A significant decrease (p < 0.01) in the dissolved concentrations of Cd, Ni, Cu and Zn in 
summer (AAV2) compared to winter/spring (SIPEX-2; Figure 4.4; Table 4.3) sea ice was 
observed. No clear temporal trends were observed in the overall dissolved fractions (dissolved 
/ total; Figure 4.5). Finally, the absence of correlations between dissolved TM concentrations 
and salinity supports their non-conservative distribution relative to salts (Figure 4.6). No 
correlations were observed between dissolved TMs and Chla or POC. Moderate correlations 
were observed between DMn and DCo (0.69; p < 0.01) and between DCo and DNi (0.76; p < 
0.01). DCd was the only element which correlated with macronutrient concentrations: PO43- 



























































































Figure 4.4 Summary statistics of dissolved and particulate bioactive metals for the three sampling 
campaigns obtained from bulk sea ice. SIPEX-2 samples were collected in winter/early spring, Davis 
in late spring and AAV2 in summer. The box represents the inter-quartile range where 50% of the (log 
transformed) values lies. The median is shown by the line that divides the box into two parts. The upper 
and lower whiskers show values outside the middle 50% with limits representing the maximum and 
minimum values without outliers. Concentration of dissolved Co was below detection limit for SIPEX-
2 and is not shown. 
 
 
Table 4.4 Median Enrichment Index (EI) for pack and fast ice. EI values indicate the degree to which 
the concentration of the dissolved TM has increased in sea ice compared to underlying seawater relative 
to the salinity of each fraction (Eqn. 1).	 
EI Cd (nM) Co (nM) Cu (nM) Mn (nM) Ni (nM) Zn (nM) 
all sea ice  3.3 4.8 12 3.4 7.0 17 
pack ice 3.5 3.7 13 3.4 9.1 18 
winter pack 
ice* 3.1 - 15 3.2 13 23 
summer 
pack ice 
3.9 3.7 12 4.1 6.8 11 
fast ice 6.1 4.8 9.2 16 3.2 30 






Figure 4.5 Percentage contribution (with standard error) of dissolved to total (dissolved + particulate) 
TMs in sea ice during SIPEX-2 (winter/spring transition), Davis (late spring) and AAV2 (summer) 
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Figure 4.6 Spearman’s Rank correlations between sea-ice salinity, dissolved and particulate TM, 
macronutrients, Chla and POC concentrations. 
4.3.2 Particulate metals distribution 
Median and range concentrations in snow (n = 14), pack ice (n = 68), fast ice (n = 38), brine (n 
= 10) and seawater (n = 14) are summarized in Table 4.5. With the exception of Cd, 
concentrations of particulate TMs were all higher in sea ice compared to seawater (Table 4.5). 
Sack-hole brine concentrations of particulate TMs were in general lower than bulk sea ice 
whereas snow concentrations were comparable to seawater (Table 4.5). In fast ice, particulate 
TMs displayed an L-shaped distribution with basal ice concentrations generally greater than 
pack ice (Figure 4.3). Significantly higher concentrations of PAl, PMn and PCo were found in 
fast ice (p < 0.01) compared to pack ice, while PCu and PNi concentrations were higher in pack 
ice than fast ice (p < 0.01). The particulate TM:Al ratio was used to fingerprint the lithogenic 
contribution to the total particulate pool, with Al used here as the normalising lithogenic 
element (Taylor & McLennan, 1985). Ratios of PCd, PMn, PNi and PCu relative to PAl in fast 
ice were an order of magnitude higher than in pack ice (p < 0.01; Table 4.5).  Finally, there is 
evidence of a decrease of PCu, PNi and PZn in summer sea ice (AAV2) compared to 
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winter/spring sea ice (SIPEX-2; p < 0.01; Figure 4.4). Positive correlations between PMn and 
PAl (0.75; p < 0.75) and between PCu and PNi (0.79; p < 0.01; Figure 4.6) were found. Only 
PCu and PNi showed a moderate correlation (0.64 and 0.68 respectively; p < 0.01) with their 





Table 4.5 Median and range of particulate (>0.2 μm) TM for snow, pack ice, fast ice, brine and under ice seawater (nM) in East Antarctica. Median particulate 
TM:Al ratio (nM:nM) for pack and fast ice and median values for each expedition (season) are also reported.  
Particulate 
(>0.2 μm) Cd (nM) Co (nM) Cu (nM) Mn (nM) Ni (nM) Zn (nM) 
snow         
Median <0.01 0.02 0.09 0.73 0.07 1.40 
range <0.01 – 0.01 <0.01 – 1.27 0.03 – 11.5 0.09 – 66.6 0.01 – 11.2 0.17 – 16.0 
winter/spring sea ice (SIPEX-2)     
Median 0.01 0.04 2.60 0.65 4.22 12.4 
range <0.01 – 0.25 <dl – 0.23 0.01 – 70.4 <0.01 – 5.11 0.01 –195 0.01 –158 
late spring sea ice (Davis)    
Median 0.02 0.75 0.29 0.16 0.18 7.54 
range <0.01 – 2.53 0.02 – 6.62 0.03 – 14.2 0.01 – 15.6 0.02 – 7.46 2.37 – 168 
summer sea ice (AAV2)     
Median 0.03 0.03 1.01 0.82 1.12 1.85 
range <0.01 – 2.77 <0.01 – 2.36 0.11 – 4.48 0.08 – 113 0.17 – 8.48 1.28 – 73.4 
pack ice         
Median 0.02 0.03 1.34 0.60 1.90 8.69 
range <0.01 – 1.78 <0.01 – 2.35 0.01 – 70.4 <0.01 – 10.4 <0.01 – 195 0.01 – 158 
TM:Al 0.0012 0.001 0.071 0.014 0.064 0.409 
fast ice         
Median 0.02 0.46 0.83 0.39 0.33 7.21 
range <0.01 – 2.77 0.01 – 6.62 0.03 – 14.1 0.01 – 115 0.02 – 9.25 0.29 – 168 
TM:Al 0.0003 0.009 0.007 0.004 0.006 0.026 
brine         
Median 0.02 0.01 0.47 0.21 0.22 2.69 
range 0.02 – 0.20 <0.01 – 0.01 0.07 – 1.50 0.05 – 4.49 0.04 – 5.17 0.50 – 7.72 
seawater         
Median 0.05 0.01 0.09 0.25 0.22 0.79 
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4.3.3 TMetal:P ratios in Antarctic pack ice  
 
 
Trace metal cellular quotas were inferred from analyses of bulk particles in sea ice. For this 
purpose, fast ice stations were excluded due to the expected overwhelming lithogenic 
contribution originating from nearby continental sources, as suggested from biogenic versus 
lithogenic contributions found in Fe particles (Lannuzel et al., 2014; Duprat et al., 2020). 
Particulate TM:P (Phosphorus-normalized following the Redfield C:P ratio 106:1; Redfield, 
1963) were higher in winter/spring (SIPEX-2) compared to summer (AAV2) and to values 
previously reported for natural assemblages of marine diatoms in Fe-rich conditions for Cu, 
Mn, Ni and Zn (p < 0.01; Table 4.6). We also show the particulate Fe:P ratios obtained from 
published Fe data of the respective voyages studied here (Duprat et al., 2019, 2020; Lannuzel 
et al., 2016a) in an attempt to understand how the uptake of Fe compares to other TMs. Sea-
ice particulate Fe:P ratios are two orders of magnitude higher than the maximum Fe:P of 1.9 
mmol:mol obtained for marine phytoplankton using synchrotron-based X-ray fluorescence 
SXRF in a SO Fe-enrichment experiment (Twining et al., 2004). Assuming that the vast 
majority of our pack ice particulate pool is of biogenic nature (Duprat et al, 2020; Lannuzel et 
al., 2014), these results point towards a sea-ice generalized metal abundance ranking of Fe 
>>Zn ≈ Ni ≈ Cu ≈ Mn > Co ≈ Cd.  
 
Table 4.6 Median particulate TM:P for pack ice stations. Fe:P was calculated from published Fe results 
obtained during the respective voyages (Duprat et al., 2019, 2020, Lannuzel et al., 2016a). For 
comparison, bulk particulate TM:P in Fe-limited (Cullen et al., 2003) and replete conditions (Cullen et 
al., 2003; Collier & Edmond 1984) are also reported.  
 
TM:P (mmol:mol) Cd Co Cu Fe Mn Ni Zn 
all pack ice 0.06 0.19 3.6 140 2.2 6.1 61 
winter/early 
spring pack ice 
(SIPEX-2) 
0.05 0.26 17 540 4.6 17 91 
summer pack ice 
(AAV2) 0.07 0.10 1.2 73 1.5 1.7 28 
Southern Ocean 
diatoms          
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Fe limited (<0.1 
nM)* 1.29 0.15 1.44 - 1.7 - 11.1 















0.07 - 2.0 - - 0.68 13.3 
* bulk particulate values from shipboard Fe-enrichment incubation experiment in the Antarctic Zone of 
the Pacific sector of the Southern Ocea (Cullen et al., 2003)  
** bulk particulate values from Antarctic upwelling waters (station M) with high dissolved TM 
concentrations (Collier & Edmond,1984) 
4.4 Discussion 
4.4.1 Drivers of dissolved metal distribution  
In this study, median dissolved metal concentrations in bulk sea-ice samples were of the same 
order of magnitude as the seawater below (SW0m). Values were generally in the upper range 
of concentrations measured in ice-free Antarctic surface (0-100m) waters using rosette 
sampling methods (Table 4.3). The only exception is DZn, for which concentrations in our 
study were three times greater than the highest concentration reported for SO surface waters 
(~12 nM; Nolting & de Baar, 1994). Based on these results and in agreement with previous 
findings (Lannuzel et al., 2011), sea-ice melt should not represent a major source of the 
elements analysed here to surface waters when it melts, except maybe for a DZn signal (Neff, 
2002). Other mechanisms such as advection of seawater masses which have interacted with the 
shelf are likely to have a greater impact than sea ice on their distribution in surface waters. 
The three campaigns showed comparable concentration ranges of dissolved TM (Table 4.3). 
This observation suggests low spatio-temporal variability in dissolved TM concentrations in 
sea ice. However, subtle differences emerge when fast ice and pack ice are compared. For 
example, DMn and DCo concentrations were significantly higher in fast ice than pack ice (p < 
0.01). Considering the shallow bathymetry on the Antarctic coast, sediments can represent a 
major source of metals to fast ice compared to pack ice. Benthic inputs of dissolved Fe, Co, 
and Mn have been observed in highly productive coastal waters (Tappin et al., 1995) and water 
column profiles of Mn were also found closely correlated with those of Co in pore waters 
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(Zhang et al, 2002). Results also show lower concentrations of DCd, DCu, DNi and DZn in 
summer (AAV2) compared to winter/spring sea ice (SIPEX-2; Figure 4.4), which could 
suggest an overall faster removal than replenishment over time. However, the absence of any 
substantial changes in the dissolved-to-total ratio between SIPEX-2 and AAV2 data (Figure 
4.5) points toward a net concentration of dissolved bioactive trace elements determined by a 
subtle balance between rates of autotrophic and heterotrophic/mixotrophic activities.  
Finally, all TMs analysed here were enriched in sea ice relative to seawater when 
thermodynamic processes are filtered by normalizing sea-ice TM concentrations to salinity 
(Table 4.4). We suggest that organic ligands, most likely exopolymeric substances (EPS), are 
responsible for this enrichment in sea ice as they can bind a wide range of metal cations due to 
their negatively charged surfaces (Janssens et al., 2018; van der Merwe et al., 2009). Their high 
uronic acid content (Decho & Gutierrez, 2017) provides EPS with the ability to chemically 
complex and adsorb metal species. The gel-like three-dimensional nature of EPS is especially 
prone to physically scavenge particles from the water column during frazil ice ascent (Decho 
& Gutierrez, 2017), and therefore suggested here as a prime pathway for organic matter and 
TM incorporation into newly formed sea ice. Several studies have assessed the binding 
potential of EPS on a range of metals at seawater ionic strength (Gutierrez et al., 2008, 2012; 
Hassler et al., 2011, 2017). These studies shared similar levels of uronic acids (~25%) in the 
EPS and predominantly, DZn, DFe and DCu as major associated metals (Hassler et al., 2011; 
Gutierrez et al., 2008, 2012; Nichols et al., 2005). In the present study, DZn and DCu showed 
the highest EI (23 and 15 respectively, in winter sea ice; Table 4.4), close to the EI of 24 
observed for Fe in newly formed Antarctic sea ice (Janssen et al., 2016). On the other hand, 
DCo and DCd showed the lowest EI (4.8 and 3.3, respectively). Based on our EI results, TM 
enrichment in sea ice may not only be a function of their concentration in seawater, but also 
their affinity to bind with organic ligands present in seawater or produced in situ in sea ice 
(Aslam et al., 2012; Genovese et al., 2018).  
4.4.2 Drivers of particulate metals distribution 
Positive correlations for all particulate TMs with PAl (significant for Mn; Figure 4.6) suggest 
the influence of continental inputs such as ice-free land masses, sediments and icebergs 
(Hawking et al., 2018; Grotti et al., 2001; Noble et al., 2013; Smith et al., 2007) as  important 
sources of lithogenic particles to sea ice. The lithogenic signature is indeed most pronounced 
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near the coast, as evidenced by the lower particulate TM:Al ratio in fast ice compared to the 
predominantly biogenic nature of particles present in pack ice (Table 4.5). The proximity to 
coastal sources is suggested as the likely driver of the significantly higher concentrations of 
PMn and PCo in fast ice compared to pack ice, as previously observed for Fe (Duprat at al., 
2019; 2020; Lannuzel et al., 2016a). This coastal signature is however less clear for other 
metals. For example, concentrations of PCd and PZn were similar between fast ice and pack 
ice, and significantly lower PCu, PNi were observed in fast ice compared to pack ice stations. 
Lower PCu in fast ice than pack ice was also observed by Lannuzel et al. (2011), suggesting 
that the influence of biological processes on the Cu cycle is greater than the physically mediated 
coastal inputs. This behaviour could potentially apply to other elements which show a nutrient-
type nature in oceanic waters (Cd, Ni, Zn), where their distribution is highly influenced by 
biological uptake at the surface and remineralization at depth (Bruland & Lohan, 2003). The 
correlations between PCu and PNi and between Cd and Chla support this hypothesis.   
Our data also reveal an interesting contrast between our fast ice particulate samples and those 
previously reported in the Ross Sea, where a sedimentary supply seems to dominate the sea-
ice pool (de Jong et al., 2013). PMn concentrations in fast ice in the Ross Sea (Grotti et al., 
2005; Noble et al., 2013) are substantially higher than those obtained from our East Antarctic 
fast ice. In modern marine sediments, Mn is present above its crustal abundance (Calvert & 
Pedersen, 1996) and its incorporation into sea ice over shallow bathymetry would contribute 
to the supply of authigenic Mn to sea-ice communities in the Ross Sea (see Section 4.4.4). On 
the other hand, particulate TM:Al values close to crustal ratios, and observed correlations with 
Al, indicate a highly lithogenic content in our fast ice samples. This observation could be 
explained by the high influence of dust (Davis; Duprat et al., 2019) and terrigenous input from 
glacial melt (AAV2; Duprat et al., 2020) in our fast ice samples. This difference clearly affects 
the availability of PMn in fast ice from these two areas, with a potential impact on their 
biological productivity and microbial composition (Grotti et al., 2005; Noble et al., 2013; 
Pausch et al. 2019).  
The concentration of particulate metals in sea ice results from a balance between physical and 
biological processes. Initial load (frazil ice scavenging of suspended particles during sea-ice 
formation), replenishment (seawater percolation and/or meteoric deposition), and biological 
uptake can all contribute to the particulate pool. Temperature-driven brine drainage, ice 
ablation and sloughing-off processes of ice algae and EPS drive the loss (Meiners & Michel 
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2017). Brine-sample concentrations of particulate TMs were in general lower than bulk sea ice, 
potentially due to a preferential retention of this fraction in the brine channel network during 
sampling. However, the fact that significantly lower bulk particulate concentrations of PCu, 
PNi and PZn were found in summer (AAV2) compared to winter/spring (SIPEX-2; p < 0.01) 
sea ice suggests that losses generally overtake accumulation for the TMs analysed here (Figure 
4.4). The lack of seasonal increase contrasts findings for Fe, where PFe continuously 
accumulates in sea ice between winter and summer, despite brine drainage and ice decay, to 
reach the highest concentrations in summer (average 294 nM; Duprat et al., 2020). This 
difference highlights the decoupling between the processes driving Fe and other TMs 
distributions. 
 
Finally, one common trend among particulate Mn, Co, Ni, Cu and Zn is that they were up to 
an order of magnitude higher in bulk sea ice compared to the seawater below. An estimated 1.4 
µmol.m-2 PMn, 0.07 µmol.m-2 PCo, 3.1 µmol.m-2 PNi, 1.8 µmol.m-2 PCu and 12.4 µmol.m-2 
PZn (median depth integrated for both winter/spring and summer pack sea ice) could be 
released from sea ice if all of the sea ice represented by our samples melts by the end of austral 
summer. Like Fe, Mn and Co concentrations in Southern Ocean can be extremely low due to 
limited atmospheric input (Middag et al., 2011). If bioavailable within surface waters, this 
addition could alleviate phytoplankton limitation, representing a coupled Fe-Mn-Co 
fertilization mechanism supplied by sea ice melt. 
4.4.3 Sea-ice algae stoichiometry in a trace metal rich environment 
Pelagic phytoplankton generally require metals as follows Fe ≈ Zn > Mn ≈ Ni ≈ Cu > Co ≈ Cd, 
from most to least needed (Twining & Beines, 2013). Sea ice imposes a unique regime, with 
steep gradients in light, salinity, temperature and nutrients compared to seawater. One could 
therefore expect different nutritional requirements between sea-ice and pelagic algae, as 
suggested in the case of SiOH4 for diatoms (Lim et al., 2019). Based on calculated P-
normalized particulate TM and considering autotrophic cells make up the vast majority of sea-
ice biomass during the sunlit seasons (Archer et. al., 1996), we present a generalized TM 
cellular quota stoichiometry for sea-ice algae: Fe >> Zn > Ni ≈ Cu ≈ Mn > Co ≈ Cd. Except 
for Cd, our results from pack ice suggest an overall higher sea-ice TM stoichiometry compared 
to seawater (Table 4.6). However, this trend was only significant (p< 0.01; one sample t-test) 
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for the winter/spring dataset. Non-metabolic incorporation of TM following adsorption 
isotherm relative to their ambient free ion concentration and in excess of nutritional 
requirement has been reported before (Miao et al., 2005). It is plausible that sea-ice algae could 
accumulate metals during early spring in advance of favourable conditions later in the season 
or in response to stimulation of the cell metabolism as conditions improve (Baines et al., 2011; 
Marchetti et al., 2012; Twining et al., 2004).  
The relative TM abundance in sea-ice particles (Fe >> Zn > Ni ≈ Cu ≈ Mn > Co ≈ Cd) reflects, 
to a certain degree, the sequence in the dissolved fraction (Zn > Fe > Ni ≈ Cu ≈ Mn > Cd > 
Co). Thus, dissolved TM concentrations present in the sea ice could be seen as the primary 
factor controlling sea-ice algal cellular TM content. Regardless of this similarity in the 
sequence, a disproportionate enrichment of Fe relative to other elements is observed. 
Bioaccumulation of PFe (~110 nM; Duprat et al., 2020) is five-fold higher than PZn (~23 nM; 
this study). The sea-ice median particulate Fe:P of 140 mmol:mol is almost two orders of 
magnitude higher than values reported for temperate marine diatoms (Twining & Beines, 
2013). Our results point towards either a storage mechanism or passive allocation of Fe into a 
range of sea-ice algal cellular functions. This behaviour of luxury uptake and storage amidst 
excessive availability of Fe has been previously seen in diatoms (Marchetti et al., 2006, 2009; 
Sunda & Huntsman, 1995b) and contrasts with the uniquely low Fe quota observed for marine 
phytoplankton isolated from the SO (Kustka et al., 2007; Strzepek et al., 2011). It is possible 
that sea-ice algae evolved to favour the use of Fe among the many metabolic functions where 
Fe can replace other metals (LaRoche et al., 1996; McKay et al., 1999). In doing so, the 
allocation of other essential TMs that are not as abundant as Fe in sea ice (such as Mn), but 
still essential to cellular growth, could be optimized.   
Another interesting deviation from phytoplankton stoichiometry was the elevated Ni and Cu 
relative to Mn in winter/spring sea ice. In eukaryotes, urease is the only characterized Ni-
dependent function (Mulrooney & Hausinger, 2003; Price & Morel, 1991). The overall six-
fold higher Ni quotas found in sea ice compared to oceanic assemblages could reflect the 
extremely high fraction of (pennate) diatoms found in sea ice (van Leeuwe et al., 2018). Recent 
SXRF analyses showed Ni association with diatom opal frustules, bringing new evidences of 
its contribution to cellular quota (Twining et al., 2012). Sea-ice algae could also have 
developed alternative metabolic pathways allocating Cu, such as in the antioxidant enzyme 
superoxide dismutase enzyme, as well as other strategies to cope with the potentially toxic 
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levels of Cu′ (Peers & Price, 2006; Wolfe-Simon et al., 2005). A physiological adaptation amid 
high concentration of Cu′ would be particularly important because the high particulate Cu:P 
observed here suggest that a significant percentage of DCu in sea ice is not complexed to 
ligands. This assumption is made based on the fact that uptake of Cu is believed to be related 
to the concentration of its dissolved inorganic species (Cu′), whereas chelated Cu species are 
generally not directly available for uptake (Guo et al., 2010; Hudson, 1998; Sunda & 
Huntsman, 1998b).  
The particulate Cd:P obtained for both the winter/spring and summer datasets were relatively 
low and comparable to marine plankton. This could be due to the high concentration of DZn 
observed in sea ice, which could potentially inhibit DCd uptake (Sunda & Huntsman, 2000). 
Past studies showed that DZn at concentrations found in coastal waters strongly suppress DCd 
uptake by diatoms (Sunda & Huntsman, 1998a) and that addition of Zn to incubations above 
background concentrations can suppress Cd uptake in productive waters, also decreasing 
phytoplankton Cd:P ratios compared to controls (Cullen & Sharrell, 2005). Therefore, our low 
particulate Cd:P ratio could result from the strong control exerted by DZn in the uptake of DCd 
by sea-ice algae.   
4.4.4 Can metals regulate sea-ice productivity? 
Trace metal availability has been shown to limit growth of marine phytoplankton, shaping the 
abundance and diversity of algal communities in a way that can influence both the carbon and 
nitrogen cycles (Sunda, 2012). Since Co, Cu, Mn, Zn, and circumstantially Cd, are co-factors 
of metalloenzymes that are essential for phytoplankton metabolism, it has been speculated that 
these elements could, along with Fe, control phytoplankton productivity in the Southern Ocean 
(Hassler et al., 2012). In the sea-ice realm, however, when bulk ice concentrations of TMs are 
normalized to the brine volume fraction (~12%; inferred from the bulk ice salinity and 
temperature; Cox and Weeks, 1983), approximately an order of magnitude higher levels of 
TMs relative to bulk ice concentrations reported here (Table 4.3) are found. This suggests 
concentrations experienced by micro-organisms within the brine channels are unlike to impose 




In surface waters, Zn can exist as a soluble divalent cation, mostly complexed to organic 
ligands (Sunda, 2012). Addition of Zn was shown to stimulate algal growth when DFe is 
replete, particularly in the case of small diatoms and flagellates (Crawford et al., 2003; 
Coale, 1991; Franck et al., 2003; Oslo et al., 2000). Zinc is also known to be involved in the 
silicification of diatoms (De La Rocha et al. 2000; Jaccard et al., 2009; Ingall et al., 2013; 
Rueter & Morel 1981a, b). In marine phytoplankton, quantitative requirements for Zn are 
similar to those for Mn (Sunda, 2012). An enrichment of PZn relative to PMn (ratio 6.5) was 
previously observed for SO diatoms (Cullen et al., 2003) and is in alignment with our results 
in sea ice (PZn:PMn ratio = 4.7) where diatoms are expected to be the dominant taxonomic 
group (van Leeuwe et al., 2018). A continued production of biogenic silica during spring 
(Fipriat at al., 2017) could help explain the temporal reduction observed for sea-ice DZn via a 
coupled physiological mechanism connecting SiOH4 and DZn uptake (Ellwood et al., 2008). 
However, concentrations of DZn in sea ice remained consistently high (~35 nM), well above 
the concentrations found to limit cultured diatom growth (0.44 – 1.51 nM; Koch, 2019). The 
abundance of DZn in sea ice potentially reflects the high levels of this element in the SO (>1 
nM; Baars & Croot, 2011; Croot et al., 2011) as well as its high affinity to EPS (Gutierrez et 
al., 2012). Therefore, Zn is unlikely to limit sea-ice algae growth. Instead, sea-ice Zn 
concentrations raise the question on toxicity if it is not appreciably chelated (Miao et al., 2005). 
Zn toxicity can manifest in several ways, by affecting the assimilation of other bio-metals such 
as Cd, Co and Mn (Sunda & Huntsman, 1996).  
4.4.4.2 Cobalt and Cadmium 
Cadmium and Co uptake systems are downregulated at high Zn′ levels, and intracellular 
transport of both elements is repressed (Sunda, 2012). The high DZn concentrations found in 
sea ice could therefore explain the low particulate Cd:P and Co:P ratios observed in our study 
(Lane et al., 2008; Sunda & Huntsman, 2000). Still, mounting evidence suggests that Co and 
Zn can metabolically replace one another in the enzyme carbonic anhydrase in eukaryotic 
species (Lane & Morel, 2000; Price & Morel, 1990; Saito et al., 2008; Sunda & Huntsman, 
1995a), potentially minimizing the effect of Co limitation. Nevertheless, Co could still 
indirectly influence growth and species composition in the ice by limiting bacterial vitamin 
B12 production (Panzeca et al., 2008). The Co-containing vitamin B12 together with Fe 
showed an enhancement in phytoplankton growth and changed community composition 
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relative to Fe additions alone (Bertrand et al., 2007, 2015).  Hence, Co control on B12-
auxotrophic algae growth in sea ice cannot be ruled out. This could be particularly important 
in polar areas where the distribution of vitamin B12 producing cyanobacteria is drastically 
reduced (Saito, 2002).  
4.4.4.3 Manganese and Copper 
Manganese is the second most abundant TM in the photosynthetic system after Fe. It is 
essential for phytoplankton growth as four Mn ions are required for the oxidation of each water 
molecule. It is also needed for the antioxidant enzyme superoxide dismutase (SOD), which 
detoxifies reactive oxygen species and prevents cell damage. A recent study showed that Mn 
and Fe co-limit the growth of the Antarctic diatom C. debilis (Pausch et al., 2019). Using 
natural Antarctic seawater, Mn limitation was observed at concentrations of ~ 0.6 nM despite 
the addition of Fe (Pausch et al., 2019). Based on this observation, Mn does not seem to impose 
limitations on diatom physiology within the sea-ice environment, where concentrations of both 
median bulk ice and brine were generally above this threshold, even during summer. However, 
it is likely that sea-ice algae have different Mn requirement than phytoplankton.  
Copper is involved in eukaryotic cell respiration and therefore essential for phytoplankton 
growth. Nevertheless, in the absence of organic complexation, Cu can be toxic and preclude 
growth of some diatom species due to competition between Cu and Mn for a critical cellular 
site involved in Mn transport (Sunda et al., 1981, 1983). Copper can therefore antagonize Mn 
nutrition. Most DMn in oceanic surface waters is found in its photochemical reduced state of 
Mn (II), since Mn (III) and Mn (IV) are predominantly insoluble oxides (Sunda, 2012). Mn (II) 
is, however, not appreciably bound to organic ligands (Sunda and Huntsman, 1994), a fact that 
could facilitate algae uptake and assimilation. On the other hand, Cu has a high affinity for 
organic ligands (Buck & Bruland, 2005; Buck et al., 2007; Leal and Van den Berg, 
1998; Sunda & Ferguson, 1983; Piotrowicz et al., 1984). The  abundance of natural ligands in 
sea ice, as observed in the case of Fe (Genovese et al., 2018), could therefore potentially reduce 
Cu′ availability and toxicity while not affecting Mn uptake (Sunda & Ferguson, 1983; 
Piotrowicz et al., 1983). Ultimately, a more conclusive answer on Mn limitation will largely 
depend on future work assessing concentrations of Cu′ and Zn′ and their potential toxicity to 
sea-ice algae.  
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4.4.5 Conceptual model of co-limitation of macro and micronutrients. 
Although light, Fe and Si are often considered to be the primary drivers of Southern Ocean 
productivity (Hoffmann et al., 2007), other elements play an important part in the sea-ice 
ecosystem. Within the sea-ice environment, Fe availability can stimulate phytoplankton 
growth. Enhanced algal biomass could further stimulate bacterial growth, increasing vitamin 
B12 production, which can also boost algal growth (Bertrand et al., 2015). At the same time, 
Fe availability can increase the consumption of nitrogen and the maximum specific uptake rate 
of SiOH4 via increase in the number of active Si transporters in the diatoms’ cell membrane 
(Brzezinski et al., 2005; De La Rocha et al., 2000; Franck et al., 2003; Lim et al., 2019). Higher 
growth also demands higher capability to photosynthesize and to detoxify reactive oxygen 
species, thereby increasing the intracellular demand for Mn. Ultimately, at some point of this 
enhancive cycle played by sea-ice algae and bacteria, the supply of inorganic sources such as 
SiOH4 (Lim et al., 2019), NO3- (Duprat et al., 2020) and Co (Bertrand, 2015) could become 
limiting. While this hypothesis still needs to be tested, if Mn uptake is antagonized by Cu′ or 
Zn′ activity, Mn limitation could occur before other nutrients. 
4.5 Conclusion 
The role, availability and potential toxicity of TM, other than Fe, within sea ice is still largely 
unexplored. Our results point toward a TM enriched sea-ice environment, however, DCu and 
DZn concentrations may become toxic if present in the free ion forms. Ligands may alleviate 
this toxicity by complexation, but Cu- and Zn- binding ligands have not yet been quantified in 
sea ice. Results found for Fe suggest EPS largely contributes to the organic ligand pool. Further 
quantitative and qualitative assessments of kinetic processes between different TM and EPS in 
sea ice would improve our understanding of their nutritional and potential toxicological effect 
on sea-ice algae.   
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Appendix A  
Table A1 Temperature (oC), salinity and concentration of chlorophyll-a (Chla [µg L-1]), particulate 
organic carbon (POC [µM]), nitrate + nitrite (NOx [nM]), phosphate (PO4-3 [nM]) and silicic acid 
(Si(OH) [nM]) in bulk sea ice for each section of all stations (Sample ID) encountered along the three 
field campaigns (Voyage).  

















           
SIPEX-2 st2SI1 0–9 -2.5 10.1 0.3 12.2 6.42 0.39 18.3 0.79 
SIPEX-2 st2SI2 9–16 -2.2 9.5 0.2 23.7 2.71 0.81 11.7 0.57 
SIPEX-2 st2SI3 16–26 -2.1 8.4 1.9 10.8 1.78 0.26 9.99 0.29 
SIPEX-2 st2SI4 26–33 -2.2 4.1 1.6 29.2 0.57 0.26 4.99 1.43 
SIPEX-2 st2SI5 61–68 -2.1 5.0 3.9 31.6 1.07 0.45 3.33 0.36 
SIPEX-2 st2SI6 68–75 -1.9 7.6 3.9 37.5 2.64 0.71 8.32 1.36 
SIPEX-2 st3SI1 0–7 -8.4 18.5 0.1 5.3 3.93 0.16 8.32 0.29 
SIPEX-2 st3SI2 7–15 -6.2 9.8 1.0 7.6 7.35 0.39 16.7 0.50 
SIPEX-2 st3SI3 34–41 -4.6 5.1 0.7 7.5 4.28 0.36 11.7 0.50 
SIPEX-2 st3SI4 92–99 -4.7 3. 0.2 18.0 5.85 0.42 11.7 0.36 
SIPEX-2 st3SI5 129–136 -2.5 4.5 2.7 10.5 3.93 0.32 8.32 0.21 
SIPEX-2 st3SI6 136–143 -2.2 5.7 2.7 2.0 2.07 0.19 4.99 0.29 
SIPEX-2 st4SI1 0–12 -3.1 8.9 1.6 19.2 6.21 0.61 20.0 0.36 
SIPEX-2 st4SI2 12–24 -4.2 9.1 0.7 9.6 0.93 0.19 8.32 0.50 
SIPEX-2 st4SI3 24–34 -3.6 6.6 3.2 9.4 1.14 0.19 3.33 0.36 
SIPEX-2 st4SI4 34–43.5 -3.2 4.8 1.5 7.1 1.78 0.26 4.99 0.21 
SIPEX-2 st4SI5 75–83 -2.2 4.9 0.9 4.5 2.86 0.23 4.99 0.21 
SIPEX-2 st4SI6 83–90 -2.0 7.1 0.8 3.7 4.07 0.23 8.32 0.43 
SIPEX-2 st6SI1 0–7 -2.1 12.6 8.4 90.7 0.21 0.52 26.6 5.00 
SIPEX-2 st6SI2 7–14 -2.1 7.1 1.8 32.9 0.86 0.39 11.7 3.14 
SIPEX-2 st6SI3 21–28 -2.1 8.1 0.4 10.5 0.43 0.19 4.99 0.14 
SIPEX-2 st6SI4 28–35 -1.4 4.6 0.0 8.8 0.50 0.19 3.33 0.29 
SIPEX-2 st6SI5 56–63 -1.5 4.0 1.2 20.8 1.14 0.19 3.33 0.64 
SIPEX-2 st6SI6 63–72 -1.7 4.2 2.7 36.1 1.71 0.45 6.66 1.07 
SIPEX-2 st7SI1 0–7 -2.9 14.4 1.6 75.7 2.57 0.42 9.99 0.86 
SIPEX-2 st7SI2 7–14 -2.8 4.3 1.0 59.7 0.29 0.13 1.66 0.64 
SIPEX-2 st7SI3 14–21 -2.6 4.3 1.0 13.1 0.14 0.16 
 
1.07 
SIPEX-2 st7SI4 43–50 -2.2 3.9 4.4 87.7 1.78 0.65 1.66 0.64 
SIPEX-2 st7SI5 71–77 -1.9 6.9 9.1 77.3 8.21 1.91 9.99 14.3 
SIPEX-2 st7SI6 78–85 -1.9 6.6 6.4 64.2 6.57 1.36 11.7 3.93 
SIPEX-2 st8SI1 0–7 -2.0 3.9 1.0 35.3 2.50 0.39 6.66 0.71 
SIPEX-2 st8SI2 7–14 -1.9 4.1 1.2 18.1 
 
0.10 1.66 0.36 
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SIPEX-2 st8SI4 61–68 -2.4 4.6 7.8 35.4 3.00 0.61 3.33 0.71 
SIPEX-2 st8SI5 81–88 -2.8 5.5 3.8 16.6 3.85 0.39 6.66 1.21 
SIPEX-2 st8SI6 88–95 -2.9 7.3 4.4 20.9 6.64 0.55 9.99 11.4 
Davis st1SI1 0–20 -5.2 0.2 0.2 1.6 2.17 0.29 5.86 0.37 
Davis st1SI2 20–40 -4.8 6.8 0.4 1.8 0.78 0.19 4.43 0.61 
Davis st1SI3 40–130 -3.9 5.2 0.7 1.5 2.32 0.23 4.89 0.96 
Davis st1SI4 130–140 -2.8 3.7 1.0 1.1 0.85 0.12 3.94 <0.01 
Davis st1SI5 140–170 -2.3 4.7 0.8 1.2 0.73 0.10 2.16 0.08 
Davis st1SI6 170–175 -1.8 1.6 
 
3.5 2.38 0.29 3.82 <0.01 
Davis st1SI7 175–180 -1.6 10.2 267 91.4 74.5 9.43 14.1 1.93 
Davis st2SI1 0–20 -5.1 0.1 0.5 2.5 3.29 0.52 5.80 1.95 
Davis st2SI2 20–40 -4.7 6.1 0.2 2.6 1.22 0.35 5.37 0.67 
Davis st2SI3 40–123 -3.5 4.3 0.2 1.6 1.54 0.56 4.63 0.90 
Davis st2SI4 123–133 -2.6 3.9 0.7 2.7 0.51 0.08 1.27 <0.01 
Davis st2SI5 133–163 -2.1 4.6 0.8 1.5 0.65 0.21 2.03 0.10 
Davis st2SI6 163–168 -1.7 6.0 2.1 5.1 2.14 0.19 3.32 0.08 
Davis st2SI7 168–173 -1.6 12.7 244 227 66.4 5.83 11.1 2.65 
Davis st3SI1 0–20 -5.6 0.2 0.1 1.8 2.65 0.25 4.49 0.91 
Davis st3SI2 20–40 -5.0 5.4 0.6 1.8 1.92 0.22 5.54 1.18 
Davis st3SI3 40–118 -3.7 5.4 1.3 1.5 2.13 0.25 5.46 1.37 
Davis st3SI4 118–128 -2.8 4.3 1.7 1.7 0.70 0.11 2.10 <0.01 
Davis st3SI5 128–158 -2.3 4.0 0.7 1.4 0.70 0.10 1.33 0.01 
Davis st3SI6 158–163 -2.0 5.0 2.8 5.7 2.72 0.25 1.44 <0.01 
Davis st3SI7 163–168 -1.9 11.1 232 169 38.8 6.34 7.60 4.74 
Davis st4SI1 0–20 -4.2 1.4 
 
2.2 2.24 0.35 5.77 0.86 
Davis st4SI2 20–40 -4.1 5.9 
 
2.5 0.87 0.18 4.51 0.79 
Davis st4SI3 40–128 -3.3 5.1 0.8 1.9 1.68 0.21 4.65 1.02 
Davis st4SI4 128–138 -2.5 4.3 1.1 1.6 0.59 0.08 3.50 0.12 
Davis st4SI5 138–168 -1.9 3.8 1.3 1.2 0.66 0.08 2.48 0.08 
Davis st4SI6 168–173 -1.4 4.3 11.6 4.7 3.70 0.32 2.96 0.42 
Davis st4SI7 173–178 -1.2 8.6 164 76.7 58.8 7.71 7.73 4.09 
Davis st5SI1 0–20 -3.5 0.4 0.2 2.2 1.25 0.22 4.95 0.60 
Davis st5SI2 20–40 -3.5 4.5 0.7 2.0 1.02 0.18 6.49 0.99 
Davis st5SI3 40–122 -3.2 5.6 1.5 1.7 1.29 0.18 5.32 1.24 
Davis st5SI4 122–132 -2.8 4.2 2.2 2.7 0.85 0.12 2.26 0.12 
Davis st5SI5 132–162 -2.4 4.0 0.6 1.7 1.07 0.11 2.02 0.07 
Davis st5SI6 162–167 -2.0 5.1 11.2 3.7 2.50 0.25 3.45 0.01 
Davis st5SI7 167–172 -1.9  240 273 145 10.3 36.5 1.86 
Davis st6SI1 0–20 -2.7 0.3 0.7 1.7 1.60 0.19 0.11 0.78 
Davis st6SI2 20–40 -2.8 5.9 2.6 3.0 0.47 0.13 4.57 0.78 
Davis st6SI3 40–105 -2.6 4.9 3.0 2.3 0.90 0.15 3.37 0.95 
Davis st6SI4 105–115 -2.3 4.3 1.4 1.6 0.37 0.06 1.12 0.22 
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Davis st6SI5 115–145 -2.0 3.5 1.1 1.9 0.38 0.06 1.04 0.10 
Davis st6SI6 145–150 -1.7 3.6 27.7 5.3 2.96 0.15 0.83 0.10 
Davis st6SI7 150–155 -1.6 5.5 190 138 31.8 4.85 5.09 3.09 
AAV2 st1SI1 0–12 -1.3 0.5 0.6 104 0.07 0.04 0.50 0.27 
AAV2 st1SI2 12–20 -1.4 1.6 0.5 79.4 0.07 0.05 0.40 0.21 
AAV2 st1SI3 74–84 -1.0 3.0 1.1 20.5 0.10 0.06 1.10 0.25 
AAV2 st1SI4 104–114 -0.6 3.0 0.9 18.6 0.08 0.06 0.20 0.21 
AAV2 st1SI5 114–124 -0.4 3.7 1.8 76.2 0.08 0.11 0.50 0.41 
AAV2 st1SI6 124–132 -0.4 5.4 51.9 285 0.11 1.72 3.40 1.30 
AAV2 st2SI1 0–12 -1.7 0.9 0.9 56.1 0.07 0.05 0.30 0.26 
AAV2 st2SI2 12–20 -1.5 2.9 2.6 71.5 0.07 0.08 0.30 0.21 
AAV2 st2SI3 74–84 -1.6 3.7 1.7 31.5 0.06 0.04 0.50 0.11 
AAV2 st2SI4 104–114 -1.3 2.9 4.0 28.3 0.06 0.03 0.80 0.04 
AAV2 st2SI5  118–128 -0.7 3.7 5.0 26.2 0.16 0.05 1.20 0.03 
AAV2 st2SI6 128–138 -0.9 4.7 131 218 4.87 0.98 9.20 0.81 
AAV2 st3SI1 0–12 -1.3 0.8 5.9 254 0.77 0.01 0.20 0.29 
AAV2 st3SI2 16–26 -1.2 1.3 4.2 152 0.08 0.12 0.10 0.14 
AAV2 st3SI3  41–51 -1.6 1.6 3.1 41.3 0.08 0.07 0.20 0.20 
AAV2 st3SI4 105–115 -0.8 3.0 7.6 35.8 0.14 0.12 1.10 0.22 
AAV2 st3SI5  115–125 -0.9 3.0 6.7 47.3 0.16 0.09 2.40 0.16 
AAV2 st3SI6  125–135 -0.6 6.6 12.8 39.5 0.17 0.10 2.50 0.19 
AAV2 st4SI1  0–14 -1.8 0.4 0.2 27.9 0.13 0.03 0.20 0.09 
AAV2 st4SI2 14–23 -1.7 1.4 0.2 25.3 0.06 0.02 <0.01 0.21 
AAV2 st4SI3  53–63 -1.1 2.3 0.7 20.6 0.06 0.06 0.60 0.07 
AAV2 st4SI4  80–90 -0.7 3.7 0.4 18.7 0.32 0.24 2.70 0.16 
AAV2 st4SI5 90–100 -0.7 4.1 8.3 60.5 1.14 1.04 7.20 0.61 
AAV2 st4SI6 100–110 -0.5 4.6 128 259 4.74 5.60 16.0 2.50 
AAV2 st5SI1  0–14 -1.4 0.4 0.3 19.0 0.13 0.01 0.10 0.19 
AAV2 st5SI2  60–70 -1.7 2.6 1.5 39.0 0.08 0.09 1.10 0.17 
AAV2 st5SI3 80–90 -1.6 2.9 21.3 206 0.05 0.18 1.90 0.16 
AAV2 st5SI4 100–115 -1.5 2.6 22.0 98.7 0.07 0.38 1.10 0.15 
AAV2 st5SI5 115–130 -0.9 3.0 48.1 124 0.18 0.62 1.50 0.26 
AAV2 st5SI6 200–215 -0.5 3.1 65.7 50.3 0.23 0.22 0.40 0.10 
AAV2 st6SI1  0–20 -1.8 2.2 0.8 41.4 0.52 0.17 1.30 0.43 
AAV2 st6SI2  60–70 -1.7 5.9 47.2 156 4.42 1.07 1.40 0.40 
AAV2 st6SI3 70–86 -1.6 7.2 79.2 171 7.88 1.78 2.70 0.28 
AAV2 st6SI4  86–106 -1.6 4.1 95.8 206 7.27 1.29 3.80 0.36 
AAV2 st6SI5 106–126 -1.1 3.5 47.7 84.0 9.53 1.07 7.10 0.25 
AAV2 st6SI6 126–
138.5 
-1.1 3.4 34.1 51.8 8.32 0.97 6.30 0.20 
AAV2 st6SI7 138.5-
151 
-1.0 3.4 27.4 38.8 7.17 0.94 3.90 0.18 
AAV2 st7SI1 0–10 -1.4 0.7 3.7 92.2 0.31 0.24 3.00 0.10 
AAV2 st7SI2 18–28 -1.2 4.1 0.9 30.7 0.12 0.09 2.70 0.09 
AAV2 st7SI3  53–66 -1.1 3.7 3.2 66.4 0.15 0.12 2.60 0.10 
Chapter 4 
 171 
AAV2 st7SI4  66–76 -1.4 4.5 2.8 37.1 0.09 0.19 2.80 0.14 
AAV2 st7SI5 76–86 -1.1 4.5 2.9 38.4 0.09 0.11 1.80 0.11 
AAV2 st7SI6  86–96 -1.0 4.5 17.6 101 0.33 0.18 1.80 0.23 
AAV2 st8SI1 0–10 -1.5 1.1 0.2 10.4 0.30 0.03 1.80 0.25 
AAV2 st8SI2 12–20 -1.4 0.8 0.7 17.0 0.07 0.09 1.40 0.09 
AAV2 st8SI3 35–45 -1.4 3.6 1.7 50.1 0.09 0.08 0.70 0.10 
AAV2 st8SI4 65–75 -1.6 2.5 1.2 36.6 0.04 0.09 0.30 0.08 
AAV2 st8SI5 102–112 -1.4 3.4 5.9 43.8 0.10 0.11 0.90 0.08 
AAV2 st8SI6  122–132 -1.1 3.2 4.5 38.9 0.09 0.13 0.70 0.11 
AAV2 st8SI7  132–142 -0.9 2.9 12.0 161 0.25 0.36 1.30 0.24 
AAV2 st9SI1  0–10 -1.5 1.5 0.3 4.1 0.32 0.02 0.70 0.27 
AAV2 st9SI2 25–40 -1.5 10.5 54.9 270 0.22 2.03 15.1 1.13 
AAV2 st9SI3 40–50 -1.7 8.4 65.6 156 0.07 0.78 14.7 0.13 
AAV2 st9SI4 80–90 -1.6 5.3 6.3 17.7 1.92 0.20 6.10 0.44 
AAV2 st9SI5 160–170 -1.7 3.4 4.0 10.1 1.15 0.20 3.10 0.52 
AAV2 st9SI6 170–180 -1.7 3.3 5.8 19.8 0.87 0.20 2.20 0.55 
 
Table A2  Bulk sea-ice concentration of dissolved trace metals (nM) for each section of all stations 
(Sample ID) encountered along the three field campaigns (Voyage). 
Voyage Sample ID Depth (cm) Cd (nM) Mn (nM) Co (nM) Ni (nM) Cu (nM) Zn (nM) 
SIPEX-2 st2SI1 0–9 0.44 2.87 <dl 9.9 4.6 175 
SIPEX-2 st2SI2 9–16 0.47 2.44 <dl 22.3 19.7 284 
SIPEX-2 st2SI3 16–26 0.83 2.79 <dl 14.7 17.0 543 
SIPEX-2 st2SI4 26–33 0.55 1.42 <dl 16.3 16.0 135 
SIPEX-2 st2SI5 61–68 0.46 0.47 <dl 10.0 5.7 95.9 
SIPEX-2 st2SI6 68–75 0.82 0.67 <dl 10.8 2.4 60.2 
SIPEX-2 st3SI1 0–7 1.90 8.70 <dl 7.1 2.4 189 
SIPEX-2 st3SI2 7–15 0.67 2.01 <dl 8.0 3.3 228 
SIPEX-2 st3SI3 34–41 0.37 1.10 <dl 6.3 1.8 241 
SIPEX-2 st3SI4 92–99 0.39 0.60 <dl 2.3 0.3 33.3 
SIPEX-2 st3SI5 129–136 0.56 1.56 <dl 4.4 3.6 31.9 
SIPEX-2 st3SI6 136–143 1.57 4.63 <dl 5.7 3.0 46.5 
SIPEX-2 st4SI1 0–12 0.59 2.75 <dl 533 24.8 79.5 
SIPEX-2 st4SI2 12–24 0.43 2.01 <dl 338 26.6 137 
SIPEX-2 st4SI3 24–34 0.47 1.61 <dl 111 12.2 39.9 
SIPEX-2 st4SI4 34–43.5 0.42 1.04 <dl 200 17.3 46.2 
SIPEX-2 st4SI5 75–83 0.29 1.29 <dl 82.2 15.7 82.6 
SIPEX-2 st4SI6 83–90 0.34 0.90 <dl 49.1 5.1 32.7 
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SIPEX-2 st6SI1 0–7 0.43 1.21 <dl 104 12.0 55.6 
SIPEX-2 st6SI2 7–14 0.28 0.67 <dl 19.4 5.4 61.0 
SIPEX-2 st6SI3 21–28 0.35 0.81 <dl 42.8 7.0 66.6 
SIPEX-2 st6SI4 28–35 0.18 0.51 <dl 16.7 4.9 30.4 
SIPEX-2 st6SI5 56–63 0.46 1.36 <dl 23.2 14.4 40.2 
SIPEX-2 st6SI6 63–72 0.52 0.96 <dl 11.6 3.6 23.5 
SIPEX-2 st7SI1 0–7 0.61 3.40 <dl 3.4 2.7 18.2 
SIPEX-2 st7SI2 7–14 0.37 1.31 <dl 2.3 1.9 14.1 
SIPEX-2 st7SI3 14–21 0.35 1.48 <dl 9.5 6.0 43.7 
SIPEX-2 st7SI4 43–50 0.55 1.06 <dl 4.8 2.3 28.4 
SIPEX-2 st7SI5 71–77 1.11 3.02 <dl 11.2 7.5 50.9 
SIPEX-2 st7SI6 78–85 0.79 2.49 <dl 8.6 7.2 53.8 
SIPEX-2 st8SI1 0–7 0.38 1.77 <dl 11.4 4.5 72.2 
SIPEX-2 st8SI2 7–14 0.19 1.37 <dl 27.4 12.8 160 
SIPEX-2 st8SI3 44–51 0.38 1.43 <dl 13.3 4.4 71.8 
SIPEX-2 st8SI4 61–68 0.56 1.62 <dl 10.5 3.8 68.1 
SIPEX-2 st8SI5 81–88 0.50 1.95 <dl 24.7 8.9 280 
SIPEX-2 st8SI6 88–95 0.61 3.06 <dl 20.8 6.9 313 
Davis st1SI1 0–20 0.19 5.38 0.074 2.2 1.7 37.6 
Davis st1SI2 20–40 0.24 1.89 0.064 2.0 2.8 46.9 
Davis st1SI3 40–130 0.32 1.55 0.044 2.0 1.7 64.2 
Davis st1SI4 130–140 0.24 0.90 0.034 1.5 1.0 20.7 
Davis st1SI5 140–170 0.18 1.03 0.028 1.4 0.9 22.9 
Davis st1SI6 170–175 0.43 2.78 0.063 1.9 1.7 32.1 
Davis st1SI7 175–180 2.77 8.98 0.184 6.1 3.4 44.2 
Davis st2SI1 0–20 0.29 3.46 0.077 2.7 2.2 58.0 
Davis st2SI2 20–40 0.23 2.03 0.059 2.1 1.7 77.1 
Davis st2SI3 40–123 0.29 1.30 0.040 1.9 1.2 47.0 
Davis st2SI4 123–133 0.19 0.62 0.026 1.1 0.7 13.6 
Davis st2SI5 133–163 0.14 0.91 0.037 1.3 1.0 28.4 
Davis st2SI6 163–168 0.23 1.03 0.038 1.3 0.7 20.2 
Davis st2SI7 168–173 2.05 14.1 0.131 7.0 3.7 30.2 
Davis st3SI1 0–20 0.22 2.47 0.083 2.1 1.9 62.3 
Davis st3SI2 20–40 0.27 1.61 0.057 1.9 1.4 43.5 
Davis st3SI3 40–118 0.25 1.47 0.065 1.5 1.1 42.7 
Davis st3SI4 118–128 0.15 2.09 0.053 1.0 1.1 41.3 
Davis st3SI5 128–158 0.07 1.60 0.271 1.4 7.9 41.1 
Davis st3SI6 158–163 0.30 2.29 0.070 2.0 6.5 50.1 
Davis st3SI7 163–168 3.72 23.1 0.287 11.7 19.5 97.6 
Davis st4SI1 0–20 0.20 1.48 0.068 2.0 1.8 62.7 
Davis st4SI2 20–40 0.24 1.79 0.056 1.4 2.2 36.4 
Davis st4SI3 40–128 0.19 2.42 0.051 1.7 1.9 42.9 
Davis st4SI4 128–138 0.06 1.09 0.025 0.6 1.3 37.3 
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Davis st4SI5 138–168 0.11 2.50 0.086 2.3 5.2 50.8 
Davis st4SI6 168–173 0.28 2.58 0.071 1.5 3.4 62.6 
Davis st4SI7 173–178 1.88 17.4 0.265 17.3 9.2 28.5 
Davis st5SI1 0–20 0.24 1.43 0.049 1.9 1.6 42.3 
Davis st5SI2 20–40 0.23 1.00 0.029 1.5 1.2 30.8 
Davis st5SI3 40–122 0.20 1.04 0.023 1.1 0.8 26.6 
Davis st5SI4 122–132 0.12 1.18 0.018 0.8 1.3 19.1 
Davis st5SI5 132–162 0.06 0.58 0.019 0.4 1.0 15.3 
Davis st5SI6 162–167 0.32 2.72 0.088 1.7 3.8 51.0 
Davis st5SI7 167–172 3.37 16.8 0.208 8.5 7.0 74.6 
Davis st6SI1 0–20 0.17 1.52 0.031 1.2 0.9 39.3 
Davis st6SI2 20–40 0.22 2.34 0.022 1.2 0.9 32.6 
Davis st6SI3 40–105 0.21 1.09 0.032 1.2 1.1 32.3 
Davis st6SI4 105–115 0.12 0.86 0.018 0.7 0.8 23.1 
Davis st6SI5 115–145 0.07 0.58 0.040 0.6 0.7 12.6 
Davis st6SI6 145–150 0.45 2.73 0.092 2.0 1.3 26.0 
Davis st6SI7 150–155 3.43 30.0 0.369 19.3 8.3 64.1 
AAV2 st1SI1 0–12 0.08 1.63 0.060 1.6 1.9 53.0 
AAV2 st1SI2 12–20 0.12 1.55 0.021 3.2 2.8 26.0 
AAV2 st1SI3 74–84 0.12 0.56 0.018 1.3 2.0 30.0 
AAV2 st1SI4 104–114 0.16 0.43 0.013 1.7 8.4 29.1 
AAV2 st1SI5 114–124 0.18 0.62 0.010 2.0 3.0 17.0 
AAV2 st1SI6 124–132 1.00 1.61 0.017 3.0 5.0 16.7 
AAV2 st2SI1 0–12 0.04 1.26 0.030 30.8 3.4 27.9 
AAV2 st2SI2 12–20 0.08 2.74 0.112 119 18.7 50.0 
AAV2 st2SI3 74–84 0.10 0.90 0.030 49.6 12.0 34.3 
AAV2 st2SI4 104–114 0.07 0.31 0.009 11.1 19.3 14.5 
AAV2 st2SI5  118–128 0.11 0.36 0.015 10.7 11.8 9.3 
AAV2 st2SI6 128–138 0.45 0.82 0.036 7.6 8.5 6.5 
AAV2 st3SI1 0–12 0.01 13.4 0.160 25.1 3.1 13.5 
AAV2 st3SI2 16–26 0.20 1.95 0.051 32.4 10.7 26.9 
AAV2 st3SI3  41–51 0.10 2.61 0.088 29.2 10.4 33.4 
AAV2 st3SI4 105–115 0.24 1.45 0.018 5.2 4.3 12.3 
AAV2 st3SI5  115–125 0.25 1.51 0.010 2.7 1.8 7.3 
AAV2 st3SI6  125–135 0.30 3.53 0.057 8.1 4.3 19.5 
AAV2 st4SI1  0–14 0.06 0.99 0.153 28.6 4.6 36.2 
AAV2 st4SI2 14–23 0.06 2.14 0.415 28.9 6.8 64.7 
AAV2 st4SI3  53–63 0.09 0.58 0.035 14.5 7.4 15.6 
AAV2 st4SI4  80–90 0.15 2.53 0.036 4.7 2.3 9.2 
AAV2 st4SI5 90–100 0.50 2.09 0.088 7.9 1.8 2.9 
AAV2 st4SI6 100–110 2.61 6.84 0.047 5.8 4.1 8.8 
AAV2 st5SI1  0–14 0.03 1.75 0.112 6.2 3.2 50.9 
AAV2 st5SI2  60–70 0.14 0.80 0.037 3.3 2.5 22.7 
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AAV2 st5SI3 80–90 0.22 1.39 0.033 4.6 3.7 34.7 
AAV2 st5SI4 100–115 0.37 2.52 0.032 5.2 6.2 62.2 
AAV2 st5SI5 115–130 0.50 1.93 0.026 2.9 3.3 74.5 
AAV2 st5SI6 200–215 0.29 1.08 0.008 1.9 2.4 35.9 
AAV2 st6SI1  0–20 0.15 2.50 0.117 2.6 0.9 42.1 
AAV2 st6SI2  60–70 0.38 0.62 0.022 2.1 1.8 7.2 
AAV2 st6SI3 70–86 1.28 0.41 0.038 4.8 1.5 7.3 
AAV2 st6SI4  86–106 1.93 1.60 0.066 3.4 0.9 18.5 
AAV2 st6SI5 106–126 0.93 0.62 0.040 2.3 1.1 17.1 
AAV2 st6SI6 126–138.5 0.95 1.90 0.060 2.0 0.8 12.4 
AAV2 st6SI7 138.5-151 0.95 1.31 0.052 1.4 0.7 15.9 
AAV2 st7SI1 0–10 0.36 2.06 0.033 5.5 4.4 23.1 
AAV2 st7SI2 18–28 0.13 1.16 0.015 5.1 3.8 14.3 
AAV2 st7SI3  53–66 0.10 0.69 0.013 1.5 0.7 2.3 
AAV2 st7SI4  66–76 0.13 0.65 0.016 1.9 1.3 3.2 
AAV2 st7SI5 76–86 0.12 0.68 0.014 1.6 2.0 6.3 
AAV2 st7SI6  86–96 0.17 0.93 0.016 2.8 4.0 5.7 
AAV2 st8SI1 0–10 0.03 0.81 0.014 2.8 0.7 39.9 
AAV2 st8SI2 12–20 0.19 0.94 0.025 4.1 0.6 21.3 
AAV2 st8SI3 35–45 0.16 0.65 0.018 3.5 2.7 19.4 
AAV2 st8SI4 65–75 0.17 0.66 0.017 4.5 3.4 38.8 
AAV2 st8SI5 102–112 0.12 0.78 0.009 9.4 2.8 8.9 
AAV2 st8SI6  122–132 0.12 0.93 0.031 3.9 5.1 16.2 
AAV2 st8SI7  132–142 0.26 1.83 0.009 3.8 1.5 6.7 
AAV2 st9SI1  0–10 0.04 2.54 0.029 32.8 1.5 79.0 
AAV2 st9SI2 25–40 0.64 2.22 0.029 16.9 1.5 16.7 
AAV2 st9SI3 40–50 1.19 2.31 0.035 5.6 1.6 20.6 
AAV2 st9SI4 80–90 0.13 1.17 0.013 2.7 1.3 34.1 
AAV2 st9SI5 160–170 0.24 0.77 0.006 2.7 3.1 15.7 
AAV2 st9SI6 170–180 0.46 1.20 0.011 2.4 3.4 17.5 
 
Table A3. Bulk sea-ice concentration of particulate trace metals for each section of all stations (Sample 
ID) encountered along the three field campaigns (Voyage). 
Voyage Sample ID Depth (cm) Cd (nM) Al (nM) Mn (nM) Co (nM) Ni (nM) Cu (nM) Zn (nM) 
SIPEX-2 st2SI1 0–9 0.021 196 3.78 0.232 9.24 1.56 20.3 
SIPEX-2 st2SI2 9–16 0.028 68.6 2.27 0.195 4.80 2.31 25.8 
SIPEX-2 st2SI3 16–26 0.009 87.0 2.23 0.157 5.47 1.76 18.7 
SIPEX-2 st2SI4 26–33 0.005 10.9 1.04 0.060 2.47 0.83 12.5 
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SIPEX-2 st2SI5 61–68 0.009 34.5 1.53 0.108 4.29 1.27 32.2 
SIPEX-2 st2SI6 68–75 0.041 52.6 2.57 0.122 4.15 2.30 136 
SIPEX-2 st3SI1 0–7 0.004 116 0.49 0.028 2.09 3.53 3.07 
SIPEX-2 st3SI2 7–15 0.001 44.3 0.28 0.016 1.92 1.23 1.96 
SIPEX-2 st3SI3 34–41 0.001 67.3 0.39 0.047 195 2.89 8.37 
SIPEX-2 st3SI4 92–99 0.000 185 1.09 0.029 1.06 1.34 0.48 
SIPEX-2 st3SI5 129–136 0.003 25.3 0.38 0.020 2.57 6.49 2.19 
SIPEX-2 st3SI6 136–143 0.002 109 0.37 0.020 1.41 1.02 4.65 
SIPEX-2 st4SI1 0–12 0.003 75.3 0.60 0.029 14.0 21.3 19.3 
SIPEX-2 st4SI2 12–24 0.010 93.3 1.30 0.073 42.3 70.4 48.3 
SIPEX-2 st4SI3 24–34 0.011 43.0 0.51 0.026 10.1 8.30 9.97 
SIPEX-2 st4SI4 34–43.5 0.000 0.0 <0.01 <0.001 0.01 0.01 0.01 
SIPEX-2 st4SI5 75–83 0.004 36.1 0.14 0.009 5.84 10.7 7.00 
SIPEX-2 st4SI6 83–90 0.003 61.5 0.18 0.011 3.29 7.32 7.00 
SIPEX-2 st6SI1 0–7 0.019 57.5 1.08 0.065 6.69 0.80 24.1 
SIPEX-2 st6SI2 7–14 0.003 47.8 0.25 0.020 1.99 0.96 9.02 
SIPEX-2 st6SI3 21–28 0.002 21.8 0.20 0.013 1.99 2.27 14.5 
SIPEX-2 st6SI4 28–35 0.005 14.4 0.11 0.010 0.94 0.43 10.6 
SIPEX-2 st6SI5 56–63 0.009 18.7 0.18 0.011 1.05 1.60 9.78 
SIPEX-2 st6SI6 63–72 0.253 10.8 0.70 0.087 5.78 5.42 133 
SIPEX-2 st7SI1 0–7 0.004 78.3 0.35 0.021 1.27 1.00 2.56 
SIPEX-2 st7SI2 7–14 0.007 47.4 0.34 0.031 3.33 1.95 5.08 
SIPEX-2 st7SI3 14–21 0.006 90.6 0.39 0.032 1.51 3.09 18.0 
SIPEX-2 st7SI4 43–50 0.017 181 1.18 0.077 2.25 6.30 10.4 
SIPEX-2 st7SI5 71–77 0.046 213 3.92 0.326 8.01 31.5 52.6 
SIPEX-2 st7SI6 78–85 0.028 286 4.44 0.335 7.28 37.7 54.0 
SIPEX-2 st8SI1 0–7 0.003 66.6 0.51 0.023 1.15 1.07 2.72 
SIPEX-2 st8SI2 7–14 0.002 125 0.70 0.037 27.1 15.2 12.4 
SIPEX-2 st8SI3 44–51 0.019 609 5.11 0.141 4.77 9.69 114 
SIPEX-2 st8SI4 61–68 0.035 406 2.77 0.116 8.26 7.50 130 
SIPEX-2 st8SI5 81–88 0.007 184 0.98 0.054 6.91 8.66 90.8 
SIPEX-2 st8SI6 88–95 0.010 405 1.57 0.060 4.35 10.8 158 
Davis st1SI1 0–20 <dl 11.2 0.05 0.491 0.02 <dl <dl 
Davis st1SI2 20–40 <dl 12.4 0.04 1.18 0.05 <dl <dl 
Davis st1SI3 40–130 <dl 12.6 0.07 0.074 0.09 <dl <dl 
Davis st1SI4 130–140 <dl 5.4 0.01 0.101 0.02 <dl <dl 
Davis st1SI5 140–170 <dl 7.3 0.03 0.033 <dl <dl <dl 
Davis st1SI6 170–175 0.004 23.2 0.11 0.494 0.07 0.04 <dl 
Davis st1SI7 175–180 0.023 46.9 0.26 0.863 0.24 0.20 <dl 
Davis st2SI1 0–20 <dl 281 1.47 2.74 0.48 0.20 <dl 
Davis st2SI2 20–40 0.008 37.1 0.15 1.08 0.11 0.06 <dl 
Davis st2SI3 40–123 <dl 27.3 0.17 0.304 0.09 0.06 <dl 
Davis st2SI4 123–133 <dl 8.2 0.04 0.426 0.02 <dl <dl 
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Davis st2SI5 133–163 <dl 32.4 0.12 0.674 0.46 0.03 <dl 
Davis st2SI6 163–168 <dl 32.3 0.12 1.37 0.10 0.07 <dl 
Davis st2SI7 168–173 0.150 119 0.54 4.46 1.01 1.11 10.3 
Davis st3SI1 0–20 <dl 28.4 0.09 0.416 0.04 0.10 <dl 
Davis st3SI2 20–40 0.008 54.0 0.12 0.718 0.32 0.25 <dl 
Davis st3SI3 40–118 <dl 3.0 0.01 0.016 0.02 <dl <dl 
Davis st3SI4 118–128 <dl 8.3 0.04 0.138 0.04 0.03 <dl 
Davis st3SI5 128–158 <dl 106 0.12 1.47 0.07 0.36 <dl 
Davis st3SI6 158–163 <dl 578 0.43 1.93 0.19 3.88 2.83 
Davis st3SI7 163–168 0.068 724 0.61 0.777 0.46 5.90 7.54 
Davis st4SI1 0–20 0.007 351 1.38 3.17 0.40 0.47 3.35 
Davis st4SI2 20–40 0.070 1060 0.57 4.76 0.30 2.07 15.7 
Davis st4SI3 40–128 0.019 210 0.20 0.191 0.18 0.38 2.37 
Davis st4SI4 128–138 0.010 869 0.51 3.35 0.30 1.38 7.21 
Davis st4SI5 138–168 <dl 45.7 0.09 0.224 0.04 0.05 <dl 
Davis st4SI6 168–173 0.025 281 0.46 0.682 0.26 0.66 8.51 
Davis st4SI7 173–178 2.528 2490 15.6 6.62 7.46 14.2 168 
Davis st5SI1 0–20 0.006 134 0.32 0.896 0.27 0.21 <dl 
Davis st5SI2 20–40 0.041 235 0.29 1.60 0.35 0.49 6.58 
Davis st5SI3 40–122 0.022 68.2 0.12 0.162 0.10 0.14 <dl 
Davis st5SI4 122–132 <dl 465 0.33 0.598 0.18 0.92 6.83 
Davis st5SI5 132–162 <dl 14.3 0.04 0.022 <dl <dl <dl 
Davis st5SI6 162–167 0.017 1860 0.99 3.47 0.48 4.89 19.8 
Davis st5SI7 167–172 0.572 2010 1.29 1.53 1.33 5.45 53.5 
Davis st6SI1 0–20 0.051 147 0.48 1.04 0.19 0.15 6.38 
Davis st6SI2 20–40 0.025 162 0.29 1.64 0.17 0.32 7.03 
Davis st6SI3 40–105 0.016 121 0.14 0.099 0.11 0.26 <dl 
Davis st6SI4 105–115 <dl 49.0 0.06 0.328 0.06 0.08 <dl 
Davis st6SI5 115–145 <dl 26.0 0.04 0.118 0.02 0.04 <dl 
Davis st6SI6 145–150 0.037 165 0.35 1.31 0.40 0.85 10.3 
Davis st6SI7 150–155 1.320 1020 1.94 2.67 4.95 10.4 117 
AAV2 st1SI1 0–12 0.019 566 3.55 0.077 1.37 0.82 2.49 
AAV2 st1SI2 12–20 0.009 40.6 0.33 0.013 1.17 0.93 <dl 
AAV2 st1SI3 74–84 0.044 279 2.24 0.041 2.03 0.69 13.3 
AAV2 st1SI4 104–114 0.027 695 4.26 0.066 1.28 3.27 3.02 
AAV2 st1SI5 114–124 0.044 115 0.80 0.018 0.75 0.83 <dl 
AAV2 st1SI6 124–132 0.203 256 3.66 0.047 1.54 1.09 14.8 
AAV2 st2SI1 0–12 0.003 88.5 0.55 0.014 0.81 0.95 <dl 
AAV2 st2SI2 12–20 0.025 44.7 0.46 0.019 3.02 3.91 2.08 
AAV2 st2SI3 74–84 0.012 129 1.06 0.027 4.94 4.48 2.15 
AAV2 st2SI4 104–114 0.006 83.6 0.88 0.016 2.04 3.23 <dl 
AAV2 st2SI5  118–128 0.022 180 1.28 0.024 3.03 2.19 5.38 
AAV2 st2SI6 128–138 0.133 49.5 0.83 0.015 1.38 1.19 4.80 
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AAV2 st3SI1 0–12 0.001 19.7 1.19 0.004 0.57 0.13 <dl 
AAV2 st3SI2 16–26 0.036 27.4 0.38 0.014 1.87 3.50 2.87 
AAV2 st3SI3  41–51 0.015 22.5 0.24 0.008 1.39 1.72 1.88 
AAV2 st3SI4 105–115 0.027 6.1 0.08 0.005 0.67 0.71 <dl 
AAV2 st3SI5  115–125 0.032 3.5 0.08 0.003 0.28 0.29 <dl 
AAV2 st3SI6  125–135 0.021 7.2 0.13 0.008 0.73 0.68 <dl 
AAV2 st4SI1  0–14 0.002 204 1.20 0.120 0.75 1.26 <dl 
AAV2 st4SI2 14–23 0.008 556 3.39 0.303 1.66 2.60 2.43 
AAV2 st4SI3  53–63 0.017 234 1.47 0.026 0.35 0.75 <dl 
AAV2 st4SI4  80–90 0.054 6280 41.8 0.625 1.39 1.76 9.32 
AAV2 st4SI5 90–100 0.478 16300 91.9 1.46 4.23 2.49 31.2 
AAV2 st4SI6 100–110 2.768 13100 113 1.65 6.15 4.25 73.4 
AAV2 st5SI1  0–14 0.001 94.7 0.47 0.360 0.51 0.57 <dl 
AAV2 st5SI2  60–70 0.024 231 0.79 0.030 0.68 0.96 <dl 
AAV2 st5SI3 80–90 0.017 297 1.25 0.041 0.99 2.34 1.76 
AAV2 st5SI4 100–115 0.034 344 1.54 0.061 8.46 2.97 3.29 
AAV2 st5SI5 115–130 0.035 277 1.68 0.093 1.90 7.44 10.2 
AAV2 st5SI6 200–215 0.031 33.7 0.16 0.007 0.81 0.55 1.28 
AAV2 st6SI1  0–20 0.018 53.6 0.38 0.032 0.89 0.32 1.71 
AAV2 st6SI2  60–70 0.438 367 2.81 1.90 1.65 1.15 25.6 
AAV2 st6SI3 70–86 1.780 190 1.20 0.632 2.87 1.00 22.3 
AAV2 st6SI4  86–106 
       
AAV2 st6SI5 106–126 0.394 146 0.67 0.477 0.72 0.62 9.41 
AAV2 st6SI6 126–138.5 0.276 281 1.17 2.36 0.61 0.72 6.29 
AAV2 st6SI7 138.5-151 0.127 40.6 0.50 0.206 4.04 0.45 3.11 
AAV2 st7SI1 0–10 0.088 41.5 0.67 0.185 1.28 1.04 1.57 
AAV2 st7SI2 18–28 0.022 16.2 0.23 0.006 0.32 0.75 <dl 
AAV2 st7SI3  53–66 0.023 70.9 0.38 0.012 0.17 0.13 <dl 
AAV2 st7SI4  66–76 0.059 115 0.79 0.021 0.41 0.26 2.48 
AAV2 st7SI5 76–86 0.031 17.0 0.21 0.005 0.22 0.38 <dl 
AAV2 st7SI6  86–96 0.070 43.5 0.39 0.011 0.67 1.22 2.78 
AAV2 st8SI1 0–10 0.001 28.6 0.46 0.030 0.84 0.11 dl 
AAV2 st8SI2 12–20 0.059 27.7 0.28 0.047 0.38 0.15 1.43 
AAV2 st8SI3 35–45 0.027 32.0 0.25 0.011 0.47 0.52 <dl 
AAV2 st8SI4 65–75 0.031 67.4 0.74 0.035 3.25 1.74 2.18 
AAV2 st8SI5 102–112 0.046 425 2.20 0.054 1.07 1.55 3.73 
AAV2 st8SI6  122–132 0.026 262 1.79 0.045 1.11 1.51 6.38 












● The availability of inorganic silicon and nitrogen potentially controls sea-ice algae 
growth during spring and summer, respectively. 
● A decoupling between macro and micronutrient dynamics ensures sea-ice primary 
production continues until macronutrient availability starts to impose sea-ice algae 
growth limitations. 
● Future changes in sea-ice thermodynamics and physical processes are expected to 
impact the pace and timing of the bloom season.   
 
5.1 Macronutrient distribution in spring and summer sea ice 
In chapter 2 we reported high concentrations of sea-ice algae biomass found at the bottom of 
Davis fast ice during late spring. There, bottom communities receive enough irradiance, with 
low variability in temperature and salinity, and easy access to macronutrients from the shallow 
seawater below. Sea-ice macronutrients at concentrations above salinity-predicted levels for 
nitrate, nitrite, phosphate and ammonium but depleted in silicic acid suggest nutrient 
accumulation  potentially fueled by remineralization processes and the dominance of diatoms. 
While silicic acid availability might control productivity in late-spring fast ice (Chapter 2; Lim 
et al., 2019), this scenario appears to change during summer. The high demand and continued 
consumption of silicic acid by diatoms during spring would drive a community shift during 
summer, potentially sustained by flagellates. This shift would explain the stronger nitrate than 
silicic acid depletion observed in both fast and pack ice during mid-summer (AAV2; Chapter 
3). Our AAV2 summer sea-ice expedition also points to a critical stage in the sea-ice decay 
when inorganic nitrogen sources (i.e. nitrate, nitrite and ammonium) became exhausted, 
potentially to levels limiting autotrophic activity. Ammonium would be consumed shortly after 
being produced leading to the observed low concentrations of this N-source, despite evidence 
of high heterotrophic activity. During summer, enhanced ice melting exacerbates stratification 
within the ice, preventing convection-driven exchanges between brine and seawater, and 
Chapter 5 
 179 
therefore hindering the replenishment of nutrients from seawater. Therefore, sea-ice algal 
communities would be particularly dependent on the microbial loop or other non-biological 
processes such as sea-ice-seawater interface exchanges, dynamic processes such as rafting, and 
sea-ice flooding as a way to obtain substrate for their survival in late summer.  
5.2 Sea ice as a source of dissolved and particulate Fe  
In this work, we explored the factors that influence the stocks and vertical distribution of DFe 
and PFe in both land-fast and pack ice across different locations and seasons. Chapter 2 
emphasized the major importance of sediment resuspension as a source of DFe to the total Fe 
pool in fast ice during the Davis time series. It was shown that, if light and other nutrients are 
available, the fertilization potential of sediments to fast ice due to the enrichment of DFe could 
alone be responsible for 85% of the daily carbon production in Antarctic shelf waters (Arrigo 
et al., 2008; Chapter 2). The abundance of bioavailable DFe in fast ice combined with the 
extended light exposure at higher latitudes is reflected in the high biomass accumulation 
commonly observed in fast ice. Chapter 3 on the other hand showed that during summer 
background DFe levels (~3 nM) can be sustained by the mobilization of the PFe built-up during 
previous seasons and heterotrophic activity. We also reported higher concentrations of DFe 
(~7 nM) near the MUIS, likely associated with the presence of platelet ice.  
The data also showed that sea ice bears a considerable amount of Fe in the particulate fraction, 
both biogenic and lithogenic. Windblown lithogenic Fe dominates over sedimentary sources 
along East Antarctica’s coast due to its narrow continental shelf and lower sedimentary inputs 
compared to other areas such as the Ross Sea (de Jong et al., 2013). Chapter 2 highlighted the 
influence of continental dust to the total sea-ice PFe pool at Davis. We investigated the 
potential role of this source in supplying a continuous input of bioavailable soluble Fe through 
direct dissolution, potentially aided by a weakly acidic snow (pH ~6). This atmospheric source 
could be particularly important for sea-ice communities due to the rapid loss of DFe when sea 
ice melts in spring. Indeed, the Davis time series showed that the sea-ice thermodynamic 
processes, specifically changes in the ice temperature, were the major drivers of DFe transport 
from the upper ice layers to the bottom ice and ultimately the water column.  
 Chapter 3 provided new insights into the potential relationship between glacial meltwater 
discharge and the occurrence of PFe-rich platelet sea ice forming in the vicinity of the MUIS. 
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The potential fertilization of glacial ice has already been described previously (Herraiz-
Borreguero et al., 2016 and references therein). Here, we brought new evidence that sea ice 
can play an important role by assuring this source of Fe is not lost from the pelagic system. By 
storing highly weathered glaciogenic material from nearby glacial systems, sea ice could 
potentially enhance Fe bioavailability by augmenting redox and dissolution reactions via 
thawing and refreezing processes (Jeong et al., 2012, 2015; Kim et al., 2010; Raiswell et al., 
2018) and stabilization through organic (e.g. EPS – Fe) complexation (Genovese et al., 2018).  
Whether both dust and ice shelf waters represent an important source of bioavailable Fe to 
phytoplankton needs further investigation. First, a spatial determination of the presence and 
influence of both sources is needed. In the case of continental wind-blown dust, an initial step 
would be achieved by constraining ice-free areas and evaluating the extent to which wind can 
transport Fe-rich dust. Remote sensing imagery as well as in situ sampling along north-south 
transects would complement each other for this purpose. In order to establish areas of platelet 
ice occurrence around major glacial systems, the deployment of remotely operated vehicles 
combined with optical sensors could increase observational capabilities, optimizing time and 
broadening the area to be assessed. Results could be then compared to available oceanographic 
and physical data from major glacier systems to estimate the sea-ice PFe inventory from glacial 
sources. In an opposite direction, the determination of the distribution of platelet ice could also 
prove valuable to physical oceanographers as a proxy of ice shelf dynamics as well as sub-ice 
cavity oceanic circulation. A second step would be evaluating the speciation and bioavailability 
of these sources of particles. Leaching experiments could be a cost-effective way to assess the 
solubility of different species of PFe under changeable physicochemical conditions. A further 
move would be the investigation of the main Fe species present in the snow and platelet PFe. 
For this purpose, spectroscopy has proved efficient to assess the abundance, morphology and 
valence state of PFe. Ultimately, the importance of these sources to Antarctica primary 
productivity will depend on a broader assessment of the likelihood of ice floes to move into 
Fe-limited waters.  
Finally, biogenic PFe was estimated in Chapters 2 and 3.  While fast ice is clearly dominated 
by lithogenic Fe supplied from coastal sources, pack ice is more dependent on the initial load 
and recycling of organic matter as the main source of Fe. The accumulation of organic matter 
would also favour bacterial activity and remineralization of biogenic PFe into DFe, which in 
turn could be stabilized by the abundance of organic ligands, particularly EPS, in the sea ice. 
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Therefore, recycling of the biogenic PFe can replenish sea ice with DFe, potentially extending 
autotrophic activity until macronutrient availability starts to impose growth limitations. As sea 
ice continues to melt, pelagic systems would also benefit from this input of a labile form of Fe. 
Closing the Fe budget could be obtained with the analysis of the contribution of the PFe pool 
to the DFe stock in autumn.  
5.3 How EPS controls the incorporation, bioavailability and toxicity of TMs? 
Research on Fe limitation in HNLC waters has spawned the awareness of the potential for other 
metals to limit primary production. Chapter 4 showed that sea ice is enriched in trace metals 
relatively to values reported for the SO surface waters. Although our results are not conclusive 
regarding the discriminative character of this enrichment, they suggest a preferential 
incorporation of some metals (Zn, Cu and Ni) at the expense of others (Co, Mn and Cd). The 
environmental conditions are extremely different in sea ice compared to seawater; therefore, 
one should expect metal speciation to also vary greatly between sea ice and seawater. 
Laboratory-based sea-ice growth experiments are a relatively cheap, fast and efficient way to 
test TMs incorporation mechanisms (Janssen et al., 2018; Kuiper et al., 2003). The design of 
similar experiments to evaluate the role of EPS and other naturally occurring ligands in the 
incorporation of TMs under controlled physical, chemical and biological conditions is 
encouraged.  
Based on results from Chapter 4, Co and Mn are the two essential micronutrients that could 
potentially limit primary productivity in sea ice. The complex redox, speciation and uptake 
mechanism of both Co and Mn makes the assessment of their bioavailability in sea ice difficult. 
Eukaryotic microorganisms cannot synthetize vitamin B12 and depend on external sources to 
meet their demand (Bertrand et al., 2015). The availability of vitamin B12 to sea-ice algae is 
therefore directly controlled by the amount of this compound either incorporated into sea ice 
during its formation or produced in situ by bacteria as well as the availability of Co for its 
production. Ultimately, vitamin B12 production is indirectly controlled by the availability of 
any other substrate (macro or micronutrient) that might limit sea-ice algae, which is the main 
organic source for those producers to grow. Whether vitamin B12 production keeps pace with 
microalgae demand during different sea-ice stages remains to be demonstrated empirically. 
Therefore, measurements of vitamin B12 should be part of the suite of biogeochemical 
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parameters routinely measured in sea-ice surveys. For this purpose, HPLC or the cheaper 
classic bioassay method for vitamin B12 determination are available.  
While Mn was not exhausted in summer sea-ice measurements, the influence of high levels of 
Cu and Zn in the Mn uptake has not yet been assessed. A quantitative and better qualitative 
characterization of sea-ice EPS and other potential ligands is needed. This would enable us to 
estimate the free ion activity of each metal as well as the potentially binding strength with their 
respective complexes. The next step would be testing the availability of these complexes to 
sea-ice algae. Specifically, incubation experiments designed to identify the key chemical 
(redox and organic complexation) and biological (remineralization) variables which control 
sea-ice trace metals bioavailability are mandatory. New approaches such as artificial sea-ice 
growth experiments where physical, chemical and biological variables can be controlled could 
help us to untangle and identify key processes involved in the recycling of trace metals in the 
sea ice. They could be run in parallel to attempts in sea-ice models. Further field sampling 
efforts are also encouraged to enlarge the present databases, if possible, prioritizing under-
sampled sectors of Antarctica for a wider spatial resolution. These approaches will be valuable 
to enlarge our understanding of sea-ice biogeochemical processes.  
5.4 Biogeochemistry of sea-ice macro and micronutrients in a warming planet 
5.4.1 Macronutrients 
Sea ice is tightly coupled to the underlying seawater and nutrient concentrations in sea ice are 
strongly controlled by brine circulation and exchange with seawater (Lannuzel et al., 2020). 
Any change in these processes could have a dramatic impact on the dynamics of 
macronutrients. It is not completely clear how snow accumulation rates in the Antarctic sea-
ice zone will respond to future atmospheric concentrations of CO2. The best available 
simulations suggest an increased transport of warmer and moister air following a net increase 
in snow accumulation over the sea ice of between 10 – 40% (Budd & Simmonds, 1991). Higher 
snow precipitation is expected to 1) increase rates of sea-ice flooding (Fischer & Lemke, 1994), 
and due to the thermal insulating properties of snow 2) decrease ice growth in favour of snow 
ice formation (Eicken et al., 1994), and 3) increase dramatically sea-ice temperature and brine 
volume (Eicken et al., 2017). Increased permeability and sea-ice flooding due to a thicker 
snowpack could offer a fresh supply of nutrients from seawater to sea ice. Higher brine volumes 
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also significantly reduced the ice strength (Eicken et al., 2017), which in turn could potentially 
enhance dynamic processes and nutrient replenishment. A gap layer observed in summer pack 
ice (station SR3-5 during AAV2) did exhibit particularly high macronutrient concentrations. 
Similarly, enhanced nutrient supply in the periphery of ice floes, ridges, and cracks could also 
alleviate limitations under a warmer sea-ice condition. This effect might be particularly 
important during summer when levels of nitrate can be significantly lowered (Duprat et al., 
2020).  
In the oppose direction, higher snow deposition during the early stages of sea ice might also 
lead to lower snow accumulation in summer since sea-ice warming increases the chances of 
lead formation, which in association with katabatic winds, are a major sink of snow in 
Antarctica (Webster et al., 2018). This scenario would reduce rates of sea-ice flooding during 
summer, rendering sea-ice algae even more dependent on sea ice – seawater interface 
exchanges and intrusions as a way of obtaining new stocks of macronutrients. This negative 
effect could be further intensified by a stronger brine and surface water stratification 
(Vancoppenolle et al., 2013). As light availability and surface water stratification increase, 
macronutrients could become increasingly limiting for sympagic production in the late season. 
5.4.2 Micronutrients 
How foreseen changes in Antarctic sea-ice properties, snow and dust deposition, biota, and 
surface ocean nutrients inventories will impact the sea-ice biogeochemistry and productivity is 
uncertain. An increase in snow accumulation during early seasons is expected to decrease sea-
ice ice growth in favour of snow ice due to the snow insulating properties (Eicken et al., 1994). 
A thinner and warmer layer of sea ice could represent not only lower inventories of 
micronutrients within the ice but also a faster meltwater pulse and flushing to the water column 
via gravity drainage. Besides, since sea ice is enriched in micronutrients relative to seawater, 
any changes in the sea ice properties (e.g., permeability) and dynamics (e.g., cracks) that 
increase exchanges with the seawater would have a deleterious impact on the sea-ice 
micronutrient pool. 
On the other hand, an expected increase in ice-free grounds in Antarctica (Lee et al., 2017) 
associated with stronger katabatic winds (Turner et al., 2009) could provide an additional input 
of dust and associated trace metals to sea ice. Likewise, glacial meltwater has a significant 
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impact on the levels of trace metals, particularly Fe, in Antarctic coastal seawater (Kim et al., 
2015) and sea ice (Duprat et al., 2020). Other processes such as biological assimilation and 
remineralization also need to be accounted for. For example, thinner and warmer sea ice should 
support a greater degree of heterotrophic activity and remineralization. Greater channel 
connectivity and space should also facilitate the grazing of bacteria by bacterivorous protists, 
therefore, increasing rates of nutrient recycling (Lannuzel et al., 2020). All these processes 
could offset losses of micronutrients by brine flushing. The net effect of these interweaved 
processes on the final micronutrient availability in sea ice is unknown.  
5.4.3 Future perspectives 
Modelling of macro- and micronutrient dynamics for spring and summer sea ice under future 
projections of atmospheric warming could help us to assess the weight of each of the processes 
discussed above on the final nutrient availability in sea ice. A broader assessment and follow-
up of sea-ice dynamics via remote sensing and continued fieldwork would complement 
modelling efforts. Outputs on nutrients availability could finally be coupled with other limiting 
resources in future models, such as projected changes in light irradiation and sea-ice liveable 
space to draw a more accurate scenario on future sea-ice algal biomass, perennity, and vertical 
distribution. 
 Lastly, the final fertilization potential of Antarctic sea ice to open waters will also greatly 
depend on a better assessment of changes Fe and other micronutrients undergo in the surface 
microlayer and subsurface water. Tovar-Sánchez et al. (2019) showed a clear decline in metal 
levels from sea ice to the top meter of the polar ocean surface water, suggesting that, when 
released, scavenging and/or biotic uptake dominate over remineralization and dissolution. 
Besides, the nutritional and/or toxic effect of trace elements on phytoplankton might also suffer 
significant changes due to variations in the metal’s stoichiometry from sea ice to the microlayer 
and the subsurface water. Any future change in the residence time of different bioactive metals 
in the surface microlayer and water column below, such as those driven by sea salt aerosols 
and organic matter production, should impact phytoplankton production and dynamics (Tovar-
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